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Abstract: The Standard Model (SM)-like couplings of the observed Higgs boson impose
strong constraints on the structure of any extended Higgs sector. We consider the theo-
retical properties and the phenomenological implications of a generic two Higgs doublet
model (2HDM). This model constitutes a simple and attractive extension of the SM that is
consistent with the observation of the SM-like Higgs boson and precision electroweak ob-
servables, while providing a potential new source of CP-violation. In this paper we focus on
the so-called Higgs alignment limit of the generic 2HDM, where the neutral scalar field H1,
with the tree-level couplings of the SM Higgs boson, is a mass eigenstate that is aligned in
field space with the direction of the Higgs vacuum expectation value. The properties of the
two other heavier neutral Higgs scalars, H2 and H3, in the alignment limit of the 2HDM
are also elucidated. It is shown that the couplings of H2 and H3 in the alignment limit are
tightly constrained and correlated. For example, in the exact alignment limit at tree level,
for bosonic final states BR(H2,3 → W+W−, ZZ,H1Z) = 0 and BR(H± → W±H1) = 0,
whereas for fermionic final states Γ(H2 → ff¯)/Γ(H3 → ff¯) ∼ M2/M3 (where Mα is the
mass of Hα). In some cases, the results of the alignment limit differ depending on whether
or not alignment is achieved via the decoupling of heavy scalar states. In particular, in the
exact alignment limit without decoupling BR(H2,3 → H1H1) = 0, whereas these branch-
ing ratios are nonzero in the decoupling regime. Observables that could be used to test
the alignment scenario at the LHC are defined and discussed. The couplings of the Higgs
bosons away from their exact alignment values are determined to leading order, and some
consequences are elucidated.
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1 Introduction
It is widely believed that the Standard Model (SM) of electroweak interactions is merely
an effective theory valid up to an energy scale of ∼ 200− 300 GeV. New, heavier degrees
of freedom may exist, and their discovery would be direct evidence for beyond the SM
physics. Here we will focus on searches for new states that have spin zero, i.e., we are
going to consider extensions of the scalar sector of the SM. If certain constraints known
as the alignment limit (AL) are satisfied, then it turns out that the new scalars would not
necessarily be much heavier than the discovered 125 GeV Higgs boson. In order to discover
modifications of the scalar sector both the ATLAS and CMS collaborations at the LHC
are looking for new spin-zero resonances. These searches are aimed at different final-state
channels, tt¯ [1, 2], bb¯ or lepton pairs (τ+τ−, µ+µ−) [3–5], electroweak gauge bosons [6–9],
diphoton states [10] or an electroweak gauge boson in association with the SM Higgs boson
[11]. In this context it is worth re-examining new physics beyond the SM that can arise
due to an extended Higgs sector.
In light of the measured value of the electroweak ρ-parameter [12] that is close to 1 [13],
the most natural choice of an extended Higgs sector consists of scalar fields in singlet and
doublet representations of the SU(2) gauge symmetry. In this paper, we focus our attention
on the two Higgs doublet extension of the SM (2HDM), as it is the most modest extension
of the SM that contains a number of interesting new phenomena beyond the SM such as
charged scalars and neutral scalars of potentially indefinite CP. The latter is a consequence
of a new source of CP-violation (CPV) originating in the 2HDM scalar potential, which is
required by a desire to explain the baryon asymmetry [14] observed in the Universe.
In the literature, much attention has been given to 2HDM Lagrangians that possess
a Z2 symmetry (perhaps softly broken), which provides a natural mechanism for avoiding
tree-level flavor-changing neutral currents mediated by neutral Higgs exchange [15, 16].
In this work, we relax this assumption to consider the most general 2HDM. Of course,
one must be careful to make sure that the parameter space of this model is consistent
with all known experimental constraints. These considerations imply the existence of two
approximate alignments of 2HDM parameters. First, the Higgs–fermion Yukawa couplings
must be approximately flavor-aligned to ensure that flavor-changing neutral currents are
sufficiently suppressed [17–21]. Second, given the consistency of the Higgs precision data
with SM predictions with an accuracy of approximately 20% [22, 23], the 2HDM parameters
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must be close to the values obtained in the Higgs alignment limit (AL). In this limit, a scalar
field that is aligned in field space with the Higgs vacuum expectation value (and therefore
possesses the tree-level couplings of the SM Higgs field) is a mass eigenstate, which is
identified with the observed Higgs boson of mass 125 GeV [24–27] (see also Refs. [28–
31]). This latter constraint, when applied to the softly-broken Z2-symmetric version of
the 2HDM, suppresses the possibility of new CPV phenomena originating in the scalar
potential (e.g., as shown in Ref. [32]). Hence, we shall dispense of the Z2 symmetry and
consider the most general 2HDM, subject only to the phenomenological constraints on its
parameters. Moreover, in the complete absence of a Z2 symmetry (in the AL), new sources
of CP-violation can arise both in the scalar potential and in the Yukawa interactions of the
neutral heavier Higgs bosons (which in this case are phenomenologically less constrained).
In the exact AL of the 2HDM, one Higgs boson (e.g., the lightest one, which is as-
sumed in this work) couples to vector bosons and fermions with tree-level couplings that
are precisely those of the SM Higgs boson. However, in the case of alignment without
decoupling, the heavier neutral (H2,3) and charged (H
±) states can still be relatively light
(with masses of order the electroweak scale), so that they can be detected and studied at
the LHC. The goal of this paper is to investigate interactions of the heavy scalars in the
AL. It turns out that in the AL properties of H2 and H3 are strongly correlated, which
implies various relations between observables involving H2 and H3. First, we are going to
determine the correlations between H2,3 couplings. Next, we define observables which could
test the alignment scenario. Then, whenever possible, we will try to suggest measurements
that can disentangle the different types of Yukawa couplings in the 2HDM, Type I, Type
II and generic Yukawa couplings, assuming the AL.
Of course, the LHC data are subject to uncertainties and therefore a dedicated nu-
merical analysis in the vicinity of the AL is mandatory. Nevertheless, we believe that the
study of the heavy Higgs bosons in the exact AL provides a natural guidance and should
be helpful for experimental searches for heavy Higgs bosons.
This work is organized as follows. After presenting the motivation for this work, in
section 2 we introduce the model and necessary notation. In section 3 we specify the input
parameters and discuss the issue of decoupling versus alignment in the 2HDM. Section 4
is devoted to the alignment limit of the model. The extra freedom provided by the generic
2HDM in the AL is illustrated by gluon fusion in section 5. Decays of extra Higgs bosons
in the generic 2HDM in the AL are discussed in section 6 with an emphasis on correlations
between various decays. Appendices contain a comprehensive list of Higgs boson couplings
in the generic 2HDM and some of its most popular versions.
2 The model
The scalar potential of the 2HDM shall be parametrized in the standard fashion:
V (Φ1,Φ2) = −12
{
m211Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 +
[
m212Φ
†
1Φ2 + H.c.
]}
+12λ1(Φ
†
1Φ1)
2 + 12λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
{
1
2λ5(Φ
†
1Φ2)
2 +
[
λ6(Φ
†
1Φ1) + λ7(Φ
†
2Φ2)
]
(Φ†1Φ2) + H.c.
}
. (2.1)
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Usually a Z2 symmetry is imposed on the dimension-4 terms in order to eliminate
potentially large flavor-changing neutral currents in the Yukawa couplings. In the present
work we will not restrict ourselves by imposing this symmetry. Instead, we are going to
consider the most general scalar potential, keeping also terms that are not allowed by Z2
symmetry. We will refer to this model as the 2HDM67, emphasizing the presence of λ6
and λ7 in the potential.
In a general basis, the vacuum may be complex, and the Higgs doublets shall be
parametrized as
Φj = e
iξj
(
ϕ+j
(vj + ηj + iχj)/
√
2
)
, j = 1, 2, (2.2)
with the vj real numbers, satisfying v
2
1 + v
2
2 = v
2. The fields ηj and χj are real, and the
difference between the phases of the two vacuum expectation values (VEVs) is denoted by
ξ ≡ ξ2 − ξ1. (2.3)
Next, we shall define orthogonal states(
G0
η3
)
=
(
v1/v v2/v
−v2/v v1/v
)(
χ1
χ2
)
(2.4)
and (
G±
H±
)
=
(
v1/v v2/v
−v2/v v1/v
)(
ϕ±1
ϕ±2
)
(2.5)
in order to extract G0 and G± as the massless Goldstone fields, whereas H± are the massive
charged scalars.
The model also contains three neutral scalars, which are linear combinations of the ηi,H1H2
H3
 = R
η1η2
η3
 , (2.6)
with the 3× 3 orthogonal rotation matrix R satisfying
RM2RT =M2diag = diag(M21 ,M22 ,M23 ), (2.7)
and with M1 ≤ M2 ≤ M3. The rotation matrix R can conveniently be parametrized as
[33, 34]
R =
R11 R12 R13R21 R22 R23
R31 R32 R33
 =
 c1 c2 s1 c2 s2−(c1 s2 s3 + s1 c3) c1 c3 − s1 s2 s3 c2 s3
−c1 s2 c3 + s1 s3 −(c1 s3 + s1 s2 c3) c2 c3
 . (2.8)
Since R is orthogonal, only three of the elements Rij are independent, the rest can be
expressed by these through the use of orthogonality relations. From the potential one
can now derive expressions for the masses of the scalars as well as Feynman rules for
scalar interactions. For the general basis that we consider here, these expressions are quite
involved and lengthy, so for convenience we refer the reader to Appendix A of Ref. [32]
where they have been collected.
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3 Input parameters
For the input parameters of the 2HDM67 potential, following Ref. [32], we adopt
P67 ≡ {M2H± , µ2,M21 ,M22 ,M23 , Imλ5,Reλ6,Reλ7, v1, v2, ξ, α1, α2, α3}, (3.1)
a set of 14 independent parameters where µ2 represents the real part of the bilinear mixing
term m212, ξ is the relative phase of the VEVs v1 and v2, and the αi parametrize the neutral-
sector orthogonal rotation matrix R. All other potential parameters could be calculated
using the set P67, see appendix A in Ref. [32].
In the 2HDM these parameters will only appear in certain combinations, leaving us
with a total of 11 observable physical quantities. These can be chosen to be the minimal
set consisting of the four independent masses of the scalars along with seven independent
couplings [32, 35],
P ≡ {M2H± ,M21 ,M22 ,M23 , e1, e2, e3, q1, q2, q3, q}, (3.2)
where ei ≡ v1Ri1 +v2Ri2 is a factor appearing in the HiW+W− coupling (and several other
gauge couplings as well, see appendix A). They satisfy the relation e21 + e
2
2 + e
2
3 = v
2. Fur-
thermore, qi is the coefficient of the HiH
+H− term in the potential and q is the coefficient
of the H+H+H−H− term in the potential. Note that scalar masses and their couplings to
vector bosons (ei) are independent of each other. Nevertheless, as we will discuss below,
they are subject to certain theoretical consistency constraints if perturbativity is supposed
to hold.
There is an important comment in order here. It can be shown that the following
useful relation holds1
e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 = v
4
1λ1 + v
4
2λ2 + 2v
2
1v
2
2(λ3 + λ4 + Re
[
e2iξλ5
]
)
+4v31v2Re
[
eiξλ6
]
+ 4v1v
3
2Re
[
eiξλ7
]
, (3.3)
The above relation implies that if one requires the quartic coupling constants λi to remain
in a perturbative regime, e.g. λi < 4pi, then in the decoupling limit
2 of M2,3,H± →∞ the
SM is recovered as the low-energy effective theory only for e2 = e3 = 0.
3 Note also that
if we had chosen e2 = e3 = 0 (AL) as our starting point, then any value of M2,3,H± > M1
would be allowed, in particular relatively light H2,3 with M2,3,H± ∼ v would be a viable
option.
For completeness, we note the following useful relations,4
M2H± =
v2
2v1v2
Re
[
(m212 − v21λ6 − v22λ7)eiξ − v1v2(λ4 + λ5e2iξ)
]
, (3.4)
1Eq. (3.3) is equivalent to eq. (D.28), which is expressed in terms of the scalar potential parameters
defined in a basis where v1 = v, v2 = 0 and ξ = 0 (the so-called Higgs basis, which is treated in more detail
in Appendix D). Indeed, eq. (3.3) reduces to eq. (D.28) upon making the substitutions, λi = Zi, v1 = v,
v2 = 0 and ξ = 0.
2The decoupling limit of the 2HDM was also discussed in Refs. [36] and [37].
3Due to the relation e21 + e
2
2 + e
2
3 = v
2, this implies that e1 = v, so that H1 couples in exactly the SM
manner.
4Eqs. (3.4) and (3.5) have been obtained from eqs. (A.4)–(A.7) of Ref. [32] after employing the scalar
potential minimum conditions. We also note that eq. (3.4) is equivalent to eqs. (2.17) and (2.21) of Ref. [38].
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M21 +M
2
2 +M
2
3 =
v2
v1v2
Re (m212e
iξ) + v21λ1 + v
2
2λ2 − v2Re (λ5e2iξ)
−(v21 − v22)
[
v1
v2
Re (λ6e
iξ)− v2
v1
Re (λ7e
iξ)
]
. (3.5)
The expressions for eqs. (3.4) and (3.5) in terms of Higgs basis parameters are given in
eqs. (D.6) and (D.29) of Appendix D. Note that it is not so easy to obtain these results
directly from eqs. (3.4) and (3.5) as we did in footnote 1. However, by employing the
scalar potential minimum conditions given in eqs. (A1)–(A3) of Ref. [32], one can re-
express Re (m212e
iξ) in terms of m211 +m
2
22 and the λi. Employing this result in eqs. (3.4)
and (3.5) yields their equivalent form,5
M2H± =
1
2
(
λ1v
2
1 + λ2v
2
2 + λ3v
2) + v1v2Re [(λ6 + λ7)e
iξ]− 12(m211 +m222) , (3.6)
M21 +M
2
2 +M
2
3 = 2(λ1v
2
1 + λ2v
2
2) + v
2(λ3 + λ4) + 4v1v2Re [(λ6 + λ7)e
iξ]−m211 −m222 .
(3.7)
The above equations will prove to be useful in the context of discussing alignment with or
without decoupling in sec. 6.2.
The above shows that at fixed values of the λi, increasing values of M2,3 and MH±
require positive and increasing Rem212. Note however, that the SM would be recovered
only if e2 = e3 = 0 was chosen.
Different bases for (Φ1,Φ2) could be adopted while discussing the model, this freedom
is parametrized by the following U(2) transformation:(
Φ¯1
Φ¯2
)
= eiψ
(
cos θ e−iξ˜ sin θ
−eiχ sin θ ei(χ−ξ˜) cos θ
)(
Φ1
Φ2
)
≡ U
(
Φ1
Φ2
)
. (3.8)
All the parameters of P are invariant under a change of basis, hence they represent
observables of the 2HDM. Note that apart from the overall phase ψ, the U matrix has 3
parameters, matching the reduction from the 14 potential parameters to the 11 physical
parameters of P. In Appendices B and C we see that we can express all the real couplings
in terms of the parameters of P, meaning that all the real couplings in the 2HDM represent
observables of the model. In Appendix D we elucidate the connection to the Higgs basis
[39–42].
There are also complex couplings (both scalar and gauge) in which we need the aux-
iliary quantities fj ≡ v1Rj2 − v2Rj1 − ivRj3 [32] in the expressions. These are not basis
invariant, they are what is referred to as pseudo-invariants under a change of basis. That
means that they acquire a phase factor under a change of basis, i.e.
fj
Basis change−−−−−−−−→ f¯j = fjeiδ. (3.9)
5Indeed eqs. (3.6) and (3.7) reduce to eqs. (3.4) and (3.5), respectively, after making the substitutions,
m211 = −2Y1, m222 = −2Y2, λi = Zi, v1 = v, v2 = 0, ξ = 0 and employing the scalar potential minimum
condition given in eq. (D.4).
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The phase δ depends on the U(2)-transformation we use to change basis, but is independent
of j, meaning that all three fj acquire the same phase factor under a change of basis. An
explicit expression for eiδ is given in eq. (E.74), in terms of the U -matrix, and the phases
ξj of eq. (2.2).
Since the fj are not invariant under a basis change, they do not represent observables
of the theory. However, we may combine pseudo-invariants into something that is invariant
by pairing it with one of its complex conjugate partners, i.e.
fif
∗
j = v
2δij − eiej + ivijkek. (3.10)
The combination fif
∗
j is obviously basis invariant, and we see explicitly that it can be
expressed in terms of the parameters of P. It is also clear that the absolute values |fi|
are physical (since they are basis independent) and also, as seen from eq. (3.10), could be
expressed through other parameters already present in P. This is consistent with the fact
that the model has only 11 physical parameters originating from the potential.
As will be shown in appendix E.5 the phase δ could be totally removed from the
Lagrangian by a rephasing of the charged scalar field H±, so that in effect fi could be
considered as “invariant” under a basis transformation that is accompanied by a rephasing
of H±.
A relevant question to ask is whether constraints we put on our set of parameters merely
amount to choosing a basis, or whether they are in fact constraints on the model itself. If
we put constraints on the parameters of P67 in such a way that all eleven parameters of
P are still free to choose independently, then our constraints merely amount to a choice
of basis6. If on the other hand our constraints in some way limit the 11 parameters of P
in such a way that they are not all free to choose independently anymore, then we have in
fact constrained the model.7
4 The alignment limit
The coupling between the lightest neutral Higgs bosonH1 and vector bosons is parametrized
by [32]
e1 = v cos(α2) cos(α1 − β), (4.1)
where tanβ = v2/v1. As we have already stated, alignment is equivalent to e1 = v,
e2 = e3 = 0, when expressed in terms of the parameter set P, implying
α1 = β, α2 = 0. (4.2)
6A popular choice of basis is the Higgs basis, which is discussed in more detail in Appendix D. In this
basis only the first doublet has a VEV, meaning that ξ = 0 and v2 = 0, implying v1 = v. There is still some
freedom left in performing a U(1)-rotation on Φ2. This can for instance be used to make m
2
12 real. All the
eleven parameters of P are still free and independent of each other, so we have in choosing the Higgs basis
in no way constrained the model.
7As we shall soon see, exact alignment is equivalent to putting α1 = arctan(v2/v1) = β and α2 = 0.
This in turn implies e1 = v and e2 = e3 = 0. Thus, alignment fixes some of the physical observables of P,
and therefore represents a constraint on the model as opposed to a choice of basis.
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The rotation matrix in this case becomes
R =
R11 R12 R13R21 R22 R23
R31 R32 R33
 =
 cβ sβ 0−sβ c3 cβ c3 s3
sβ s3 −cβ s3 c3
 . (4.3)
So that the mixing matrix could be written as
R = R3R1 =
1 0 00 c3 s3
0 −s3 c3

 cβ sβ 0−sβ cβ 0
0 0 1
 . (4.4)
Furthermore, in the AL we have
f1 = 0, f2 = if3 ≡ f˜ = v(c3 − is3) = ve−iα3 . (4.5)
Later on in this paper the Type I and II versions of the 2HDM will be considered as ref-
erence models8, therefore it is useful to recall here constraints that emerge as consequences
of the Z2 symmetry imposed on the dimension-4 part of the potential. Then λ6 = λ7 = 0
and consequently the (1, 3) and (2, 3) entries of the neutral mass-squared matrix,M213 and
M223, are related as follows
M213 = tβM223, (4.6)
where tβ ≡ tanβ. As a consequence of the above relation there is a constraint that relates
mass eigenvalues, mixing angles and tβ [43]:
M21R13(R12tβ −R11) +M22R23(R22tβ −R21) +M23R33(R32tβ −R31) = 0. (4.7)
In the AL, the above relation simplifies to
(M22 −M23 )s3c3sβ = 0, (4.8)
so that either M2 = M3, α3 = 0 or α3 = ±pi/2. Here, we assume no mass degeneracy,
M2 6= M3, so α3 = 0 or α3 = ±pi/2. As will be discussed below, the two possible choices
of α3 correspond to two possible CP-conserving versions of the 2HDM5 with different
neutral-boson mass orderings.
4.1 Alignment with or without decoupling
We previously remarked that the exact alignment limit, where e2 = e3 = 0, is realized
in the decoupling limit of M2,3,H± → ∞ where the quartic coupling constants λi are held
fixed. More precisely, if M2,3,H±  v, it follows that |e2/v|, |e3/v|  1, which implies that
the tree-level properties of H1 are SM-like. Thus, in the decoupling regime, the alignment
limit is approximately realized.
Nevertheless, there is a physical distinction between the alignment limit in the decou-
pling regime and the alignment limit without decoupling. In either case, one must have
8When referring to the scalar potential of those models we will either be using the term “model with
softly broken Z2 symmetry” or “2HDM5”.
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|e2/v|, |e3/v|  1, which means that the distinction between alignment with or with-
out decoupling cannot be detected via the tree-level Higgs couplings to gauge bosons and
fermions. However, the distinction is present in the cubic and quartic tree-level Higgs cou-
plings. This is most clearly illustrated by examining the cubic H1H1H1 coupling in the
alignment limit. Starting from the exact expression given in eq. (B.1), one finds that in
the approximate alignment limit,
H1H1H1 :
M21
2v
− (e
2
2 + e
2
3)M
2
H±
v3
. (4.9)
In the limit of alignment without decoupling, M2H±/v
2 ∼ O(1), in which case, the correction
to the exact AL result of M21 /(2v) is quadratic in the small parameters e2/v, e3/v. In
contrast, in the limit of alignment with decoupling,
e2M
2
H±/v ∼ O(1) , e3M2H±/v ∼ O(1) , (4.10)
as shown explicitly in eq. (6.17). In this case, in eq. (4.9) the correction to the exact AL
result of M21 /(2v) is linear in the small parameters e2/v, e3/v.
One additional distinction between alignment with or without decoupling arises when
radiative corrections are taken into account. In the limit of alignment without decoupling,
the effects of loops containing H2, H3 and H
± can compete with electroweak loop effects.
For example, the decay width of H1 → γγ in the alignment limit can deviate from its
SM value due to the effects of a charged Higgs boson loop [30, 44]. In contrast, in the
decoupling limit, the effects of heavy Higgs contributions in loop diagrams decouple. Thus,
in the previously cited example of H1 → γγ, the corresponding decay width approaches its
SM value in the decoupling limit.
4.2 Scalar couplings
In the AL the scalar, HiH
+H−, couplings qi could be expressed through the mixing angle
α3 and other parameters as follows [32]
9
q1 =
1
v
(
2M2H± − 2µ2 +M21
)
, (4.11)
q2 = +c3
[
(c2β − s2β)
vcβsβ
(M22 − µ2) +
v
2s2β
Reλ6 − v
2c2β
Reλ7
]
+ s3
v
2cβsβ
Imλ5, (4.12)
q3 = −s3
[
(c2β − s2β)
vcβsβ
(M23 − µ2) +
v
2s2β
Reλ6 − v
2c2β
Reλ7
]
+ c3
v
2cβsβ
Imλ5. (4.13)
As has been shown in Ref. [32], in the AL, CP violation may remain only in the weak-basis
invariant Im J30:
Im J1 = 0, Im J2 = 0, Im J30 =
q2q3
v4
(M23 −M22 ). (4.14)
Therefore we can conclude that if CP is conserved in the bosonic sector in the AL, then
it forces q2q3 to vanish. Remembering that e2 = e3 = 0 in the AL, we may conclude that
9Here we adopt a weak basis such that the relative phase of the two VEVs vanishes, i.e. ξ = 0.
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either H2 is CP-odd (e2 = q2 = 0) and H3 is CP-even, or vice versa (see Ref. [32]). Note
that this is consistent with the presence of the H2H3Zµ coupling (proportional to e1).
In order for H2 to be CP-odd we require e2 = q2 = 0, and for H3 to be CP-odd we
require e3 = q3 = 0. Since e2 = e3 = 0 in the AL, it follows from eq. (4.12) that H2 is
CP-odd in the AL if
tanα3 = −
2sβcβ(c
2
β − s2β)(M22 − µ2) + v2(c2βReλ6 − s2βReλ7)
v2sβcβImλ5
, (4.15)
assuming that the numerator and denominator above are not both zero. In the special case
just cited, H2 is CP-odd in the AL if
Imλ5 = 2(c
2
β − s2β)(M22 − µ2) +
v2cβ
sβ
Reλ6 − v
2sβ
cβ
Reλ7 = 0 , (4.16)
independently of the value of α3. Likewise, it follows from eq. (4.13) that H3 is CP-odd in
the AL if
tanα3 =
v2sβcβImλ5
2sβcβ(c
2
β − s2β)(M23 − µ2) + v2(c2βReλ6 − s2βReλ7)
, (4.17)
assuming that the numerator and denominator above are not both zero. In the special case
just cited, H3 is CP-odd in the AL if
Imλ5 = 2(c
2
β − s2β)(M23 − µ2) +
v2cβ
sβ
Reλ6 − v
2sβ
cβ
Reλ7 = 0 , (4.18)
independently of the value of α3. In particular, apart from the special cases noted above,
we see that for a model in which Imλ5 = 0 in the AL,
H2 CP-odd: α3 = ±12pi, (4.19)
H3 CP-odd: α3 = 0. (4.20)
Note that in the generic 2HDM67, when α3 = 0 or ±12pi in the AL, the mixing matrix R is
block-diagonal (modulo basis reordering), parametrized by the angle β only. Nevertheless
at those parameter points CP is violated since q2q3 would in general be non-zero (unless
additional conditions specified in sec. 4.5 are satisfied).
In models with softly broken Z2 symmetry one finds, adopting eq. (3.6) of Ref. [45],
that when α3 = 0 or α3 = ±pi/2 (as implied by eq. (4.8)) then Imλ5 = 0. Therefore it is
easy to see from eqs. (4.12)–(4.13) that in these cases q3 = 0 or q2 = 0, respectively. Note
that when q3 = 0 (and q2 6= 0), since also e3 = 0, then H3 is CP-odd and H1,2 are CP-even.
Conversely, when q2 = 0 (and q3 6= 0), since also e2 = 0, then H2 is CP-odd and H1,3 are
CP-even. In other words, these limits reproduce two possible versions of the 2HDM5 with
a pseudoscalar that is the heaviest (A = H3) or next to the heaviest (A = H2).
In Appendices B and C, we have expressed all the scalar couplings in terms of the eleven
parameters of the minimal set P (and in addition the auxiliary quantities fi). Here, we
specialize these to the exact AL without decoupling, by simply using e1 = v, e2 = e3 = 0.
For the purpose of presenting couplings in a compact way, we use the notation i = 1, 2, 3,
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whereas j and k refer to either 2 or 3, but not to 1. (In vertices that involve both Hj and
Hk, the couplings presented below also apply to the cases of j = k = 2, 3.) The non-zero
trilinear couplings become (couplings involving Goldstone bosons are not listed):
H1H1H1 :
M21
2v
, (4.21a)
HjHkHk :
qj
2
, (4.21b)
H1HjHj :
q1
2
+
M2j −M2H±
v
, (4.21c)
HiH
+H− : qi, (4.21d)
whereas the corresponding non-vanishing quartic ones are
H1H1H1H1 :
M21
8v2
, (4.22a)
HjHjHjHj :
q
4
, (4.22b)
H1HjHkHk :
qj
2v
, (4.22c)
H1H1HjHj :
q1
4v
+
M2j −M2H±
2v2
, (4.22d)
H2H2H3H3 :
q
2
, (4.22e)
H1H1H
+H− :
q1
2v
, (4.22f)
HjHjH
+H− : q, (4.22g)
H1HjH
+H− :
qj
v
, (4.22h)
H+H+H−H− : q. (4.22i)
Note that if CP is conserved, so that q2q3 = 0, only those cubic and quartic couplings
survive which are invariant with respect to CP, assuming that H2 and H3 have opposite
CP parities.
If the alignment limit is realized in the decoupling regime, then one must allow for the
possibility of contributions of the form e2M
2 and e3M
2 (where M = M2, M3 or MH±),
which do not vanish but approach a constant value as e2,3 → 0 and M → ∞. This leads
to the following additional non-zero trilinear and quadrilinear couplings,
H1H1Hk :
3ekM
2
k
2v2
, (4.23)
H1H1H1Hk :
ekM
2
k
2v3
. (4.24)
4.3 Gauge couplings
Again, simply using the fact that in the AL e1 = v and e2 = e3 = 0, only the following
gauge couplings remain non-zero (some vertices with corresponding Goldstone bosons are
not shown)
H1ZµZ
µ :
g2v
4 cos2 θW
, H1W
+
µ W
−µ :
g2v
2
, (4.25)
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and
(H2
↔
∂µH3)Z
µ : − g
2 cos θW
. (4.26)
Also,
H2H
+AµW
−µ :
g2
2v
sin θWf2, H2H
−AµW+µ :
g2v
2
sin θWf
∗
2 , (4.27a)
H2H
+ZµW
−µ :
−g2
2v
sin2 θW
cos θW
f2, H2H
−ZµW+µ :
−g2
2v
sin2 θW
cos θW
f∗2 , (4.27b)
(H+
↔
∂µH2)W
−µ : i
g
2v
f2, (H
−↔∂µH2)W+µ : − i g
2v
f∗2 . (4.27c)
with (in the AL) f2 = ve
−iα3 . In the AL, the corresponding couplings for H1 do not exist,
and those involving H3 receive an extra phase factor (f3 = −if2).
Note that the H1ZZ, H1W
+W− and H2H3Z couplings of eqs. (4.25)–(4.26) do not in-
volve fi and are CP-symmetric, assuming opposite parities for H2 and H3. The remaining
scalar-gauge couplings of eq. (4.27) turn out to be invariant as well, however the CP trans-
formation of the charged scalar field H+ requires an extra phase H+
CP→ eiγH−. Choosing
e.g. γ = 2α3 one finds that H2 must be even and H3 odd while for γ = 2α3 + pi, the CP
parities of H2 and H3 are reversed. The same could be concluded from another perspective.
As we have already mentioned, the phase of fi depends on the weak basis, it turns out
that it is possible to choose a basis such that e.g. this phase vanishes. In this particular
basis the interactions of eq. (4.27) are symmetric under a standard transformation of the
charged scalar field H+
CP→ H−. Both pictures are consistent with the general statement
that the kinetic terms are CP-invariant.
4.4 General Yukawa couplings in the alignment limit
Appendix E contains both the most general Yukawa couplings as well as various special
cases. In this appendix we have parametrized the Yukawa matrices in terms of the two
matrices κ, which simply becomes the diagonalized fermionic mass matrix, and the matrix
ρ which in the general case will be an arbitrary complex matrix. Special cases considered
in the appendix include ρ-diagonal, Type I and Type II model Yukawa couplings. Here we
focus on the AL couplings, so e1 = v, e2 = e3 = 0, and f1 = 0, f2 = ve
−iα3 , f3 = −ive−iα3 .
This simplifies all Yukawa couplings to the neutral physical scalars. In the AL, the phase
factor e−iα3 appears repeatedly in Yukawa couplings together with ρ˜f , defined by eq. (E.12).
Therefore it is convenient to define a related quantity ρ¯f that absorbs the phase factor,
ρ¯f ≡ e−iα3 ρ˜f , (4.28)
where f = u, d, l.
Specializing the generic results contained in appendix E.2 one can write the couplings
of the neutral Higgs boson in the AL as follows:
f¯kfmH1 : −mfk
v
δkm (no summation over k), (4.29a)
l¯klmH2 : − 1
2
√
2
[(
ρ¯l ∗mk + ρ¯
l
km
)
+
(
ρ¯l ∗mk − ρ¯lkm
)
γ5
]
, (4.29b)
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d¯kdmH2 : − 1
2
√
2
[(
ρ¯d ∗mk + ρ¯
d
km
)
+
(
ρ¯d ∗mk − ρ¯dkm
)
γ5
]
, (4.29c)
u¯kumH2 : − 1
2
√
2
[(ρ¯u ∗mk + ρ¯
u
km)− (ρ¯u ∗mk − ρ¯ukm) γ5] , (4.29d)
l¯klmH3 : − i
2
√
2
[(
ρ¯l ∗mk − ρ¯lkm
)
+
(
ρ¯l ∗mk + ρ¯
l
km
)
γ5
]
, (4.29e)
d¯kdmH3 : − i
2
√
2
[(
ρ¯d ∗mk − ρ¯dkm
)
+
(
ρ¯d ∗mk + ρ¯
d
km
)
γ5
]
, (4.29f)
u¯kumH3 : − i
2
√
2
[(ρ¯u ∗mk − ρ¯ukm)− (ρ¯u ∗mk + ρ¯ukm) γ5] . (4.29g)
Note that H1 couples only flavor-diagonally in the AL, so indeed it behaves as a genuine
SM Higgs boson.
For the charged Higgs boson we obtain:
ν¯klmH
+ : −1
2
e−iα3 ρ¯l ∗mk(1 + γ5), (4.30a)
l¯mνkH
− : −1
2
eiα3 ρ¯lmk(1− γ5), (4.30b)
u¯mdkH
+ :
1
2
e−iα3
{[
(ρ¯u)†K
]
mk
(1− γ5)−
[
K(ρ¯d)†
]
mk
(1 + γ5)
}
, (4.30c)
d¯kumH
− :
1
2
eiα3
{[
K†ρ¯u
]
km
(1 + γ5)−
[
ρ¯dK†
]
km
(1− γ5)
}
. (4.30d)
Note that the results contained in eqs. (4.29)–(4.30) are also applicable for the Type
I and the Type II model by adopting the appropriate ρf from appendices E.3 and E.4,
respectively, together with eqs. (4.28) and (E.12). A general (flavor non-diagonal) Yukawa
coupling of the Higgs boson Hα could be written in the following form
Hαf¯k(a
αf
km + iγ5b
αf
km)fm, (4.31)
where f = u, d, l with α = 1, 2, 3 and aαf and bαf hermitian matrices (as required by the
hermiticity of the Yukawa Lagrangian) in the flavor space given by eqs. (4.29).
Note that the following relations between scalar and pseudoscalar components of the
H2 and H3 Yukawa couplings hold in the AL:
a2 l,dkm = b
3 l,d
km , a
2u
km = −b3ukm, (4.32)
b2 l,dkm = −a3 l,dkm , b2ukm = a3ukm. (4.33)
Therefore the following sum rules are satisfied:10
a2 fkma
2 f
ij + b
2 f
kmb
2 f
ij = a
3 f
kma
3 f
ij + b
3 f
kmb
3 f
ij , (4.34)
a2 fkmb
2 f
ij = −a3 fkmb3 fij . (4.35)
The first sum rule is applicable for CP-conserving processes while the second one is relevant
for CP-violating observables. From eq. (4.35) we can observe that in some sense the amount
of CP violation (encoded by aαfkmb
αf
ij ) in the AL is opposite for H2 and H3.
10Similar sum rules applicable to a general N Higgs doublet model have been presented in Ref. [46].
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It is worth discussing here CP properties of the general Yukawa couplings given by
eq. (4.31). Two cases must be considered with Hα being either even or odd under CP.
Then CP conservation together with hermiticity of the Yukawa Lagrangian requires the
following relations to hold:
Hα
CP−→ +Hα : aαf = aαf ∗, aαf = aαf T , bαf = −bαf ∗, bαf = −bαf T , (4.36)
Hα
CP−→ −Hα : aαf = −aαf ∗, aαf = −aαf T , bαf = bαf ∗, bαf = bαf T . (4.37)
The above conditions could be expressed in terms of the ρ¯f matrices. Then, for instance
for up-type quarks and H2,3
CP−→ ±H2,3, CP conservation of H2 and H3 Yukawa couplings
would require ρ¯u = ±ρ¯u ∗ and ρ¯u = ∓ρ¯u ∗, respectively. Therefore if both H2 and H3 were
CP-even or CP-odd11 then there would be no way to conserve CP in the Yukawa couplings
of eq. (4.31) unless ρ¯u = 0. However if H2
CP−→ ±H2 and H3 CP−→ ∓H3 then CP is conserved
in both couplings for ρ¯u = ±ρ¯u ∗. Note that the CP-parities of H2 and H3 are fixed by
the CP conservation for a given type of fermions (l, d or u), therefore for the remaining
fermions there is no more sign freedom in relations between ρ¯f and ρ¯f ∗, if the signs do not
match, CP is violated.
We have already observed in section 4.2 that if CP was conserved in the bosonic sector
then H2 and H3 would have opposite CP parity. Above, by considering Yukawa couplings,
we have confirmed this observation.
Next, in order to proceed with some semi-qualitative discussion (see section 6.1), we
assume that the ρ¯fkm are flavor-diagonal matrices parametrized by
ρ¯lkk =
√
2
mτ
v
ρˆlδk3, (4.38a)
ρ¯dkk =
√
2
mb
v
ρˆdδk3, (4.38b)
ρ¯ukk =
√
2
mt
v
ρˆuδk3, (4.38c)
where ρˆf = |ρˆf |eiθf are complex numbers. Note that, even though it is a quite radical
assumption, this way the u, d and l components of the Yukawa couplings are still inde-
pendent, in contrast to what is observed in e.g. Type I and Type II models, where all the
couplings are determined by tanβ and fermion masses, see eqs. (E.34)–(E.36). Since ρ¯f33
are complex numbers therefore, within this assumption we obtain 6 real free parameters
to specify all the Yukawa couplings.
It is worth stressing that in the generic model the Yukawa couplings are, in general,
not proportional to fermion masses any more. In the AL, as seen from eq. (4.29), although
H1 couplings are still proportional to the corresponding fermion masses, however those
of H2 and H3 are not related to fermion masses at all. Since e2 = e3 = 0, they are
just parametrized by elements of the ρ¯f matrix. Our choice of non-zero entries of ρ¯f in
eq. (4.38) for only the third generation is dictated just by the fact that in the familiar Type
I and Type II models the third family contributions dominate and therefore this approach
11This case is considered just for completeness as in the CP-conserving limit of the 2HDM67, CP parities
of H2 and H3 are indeed opposite with non-trivial Yukawa couplings.
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facilitates comparison with Z2 symmetric versions of the 2HDM. Other entries of ρ¯
f are
also allowed.
4.5 CP properties at α3 = 0,±pi/2 in the alignment limit
As has already been noted above, in the AL the points corresponding to α3 = 0,±pi/2
deserve special attention, as at those points the rotation matrix R turns out to be block-
diagonal (modulo basis reordering). Therefore here, assuming exact alignment (α1 = β
and α2 = 0), we summarize CP properties of the Z2-non-symmetric model and of the one
with the Z2 softly broken:
• Assume Z2 is broken by dim 4 terms, e.g., by λ6, λ7 6= 0. The remaining mixing
angle α3 varies in the interval [−pi/2, pi/2] and in general CP is violated. Adopting
eqs. (4.12)–(4.13) it is easy to verify that the condition for CPC is not satisfied even
if α3 = 0,±pi/2. In order to ensure CPC at those points one would have to assume
in addition that either Imλ5 = 0 or
?
(c2β−s2β)
vcβsβ
(M22 − µ2) + v2s2β Reλ6 −
v
2c2β
Reλ7 = 0 for α3 = 0,
?
(c2β−s2β)
vcβsβ
(M23 − µ2) + v2s2β Reλ6 −
v
2c2β
Reλ7 = 0 for α3 = ±pi/2.
• If, on the other hand, the Z2 is only broken by the dim 2 term m212 (with λ6 = λ7 = 0),
one finds by virtue of eq. (4.8) that α3 = 0,±pi/2. It turns out then (see eq. (3.6) in
Ref. [45]) that in the AL Imλ5 = 0 and therefore from eqs. (4.12)–(4.13) one finds
that q2q3 = 0, so that CP is conserved at those points.
5 “Heavy” Higgs production
Experimental searches are based on the assumption of production dominantly via either of
two channels:
• glue-glue fusion
gg → Hi (5.1)
via quark triangle diagrams. The production cross section for H2 in the AL is then
proportional to
X22 =
1
2
∣∣∣∑
q,k
Re [ρ¯qkk]
v
mqk
A(τqk)
∣∣∣2 + 12 ∣∣∣∑
q,k
Im [ρ¯qkk]
v
mqk
B(τqk)
∣∣∣2, (5.2)
and similarly for H3 production (X
2
3 ), after the substitution Re [ρ¯
q
kk] −→ Im [ρ¯qkk] and
Im [ρ¯qkk] −→ −Re [ρ¯qkk]. The functions A and B are defined in appendix F.
• weak-boson fusion
q1q2 → Hjq′1q′2. (5.3)
This mechanism relies on the W+W−Hi or ZZHi coupling, and thus does not con-
tribute to the H2 and H3 production in the AL.
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Figure 1. Cross section ratios µ2 for gg production of H2 for ρ¯
q defined by eq. (4.38). Here, for
illustration we assume that phases of ρˆq are the same for up- and down-type quarks, so θu = θd = θ.
Red, heavy: general model with |ρˆu| = |ρˆd| = 1 with (solid) θ = 0, (dotted) θ = pi/4 and (dashed)
θ = pi/2. Blue (green) heavy solid: Type II (Type I) for tanβ = 1 with α3 = 0 (so H3 = A).
Dashed, same with α3 = pi/2 (so H2 = A). Thin (blue and green) Type I and Type II with
tanβ = 3. (The green curves, for Type I, are partly covered by the red and blue ones.) The spike
at M = 2mt originates from the function ReB of eq. (F.2) describing the pseudoscalar coupling.
To illustrate effects of generic Yukawa couplings in the production of H2,3 we define
µα ≡ σα
σSM
=
X2α
|A|2SM
, (5.4)
where α = 2, 3, σα is the pp→ Hα gg cross section in the 2HDM, σSM is the corresponding
SM cross section, and X22 is given by eq. (5.2). Here, ASM refers to the function (F.1),
summed over t and b-quark loops. In Fig. 1 we plot this quantity for α = 2.
It should be kept in mind that the normalization of this cross section depends criti-
cally on the assumed magnitudes |ρ¯|, in particular on |ρ¯u|. The assumption of eq. (4.38)
reproduces the predictions of the Type I and Type II models with tanβ = 1, unless ρ¯ has
a non-zero phase θ. In the latter case, if θt is non-zero, the production cross section would
have a spike at the tt¯ threshold.
6 “Heavy” Higgs boson decays in the approximate AL
It is important to realize that in the AL the H2 and H3 couplings are strongly correlated
allowing for construction of observables that may efficiently test the alignment scenario.
There are four classes of interesting decay modes: final fermion-antifermion pairs,
purely scalar decays, and final states involving a heavy gauge boson. We shall discuss
them in the following subsections.
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Type I Type II 2HDM67
a2 dkk −
mdk
v c3
cβ
sβ
mdk
v c3
sβ
cβ
−δk3mbv Re ρˆd
a3 dkk
mdk
v s3
cβ
sβ
−mdkv s3
sβ
cβ
−δk3mbv Im ρˆd
b2 dkk −
mdk
v s3
cβ
sβ
mdk
v s3
sβ
cβ
δk3
mb
v Im ρˆ
d
b3 dkk −
mdk
v c3
cβ
sβ
mdk
v c3
sβ
cβ
−δk3mbv Re ρˆd
a2ukk −
muk
v c3
cβ
sβ
−mukv c3
cβ
sβ
−δk3mtv Re ρˆu
a3ukk
muk
v s3
cβ
sβ
muk
v s3
cβ
sβ
−δk3mtv Im ρˆu
b2ukk
muk
v s3
cβ
sβ
muk
v s3
cβ
sβ
−δk3mtv Im ρˆu
b3ukk
muk
v c3
cβ
sβ
muk
v c3
cβ
sβ
δk3
mt
v Re ρˆ
u
Table 1. Couplings aα qkk and b
α q
kk for the Type I, Type II models and for the generic 2HDM in the
AL. For 2HDM5 one should consider the two cases: α3 = 0 and α3 = ±pi/2. For the 2HDM67 the
assumption of eq. (4.38) was adopted.
6.1 Fermionic modes
Table 1 summarizes Yukawa couplings in the AL for the generic model adopting the assump-
tion of eq. (4.38) together with corresponding couplings for the Type I and Type II models
(consistently also in the AL) used below as reference models to compare with 2HDM67
results. Note the 2HDM67 Yukawa couplings for the case of eq. (4.38) are parametrized
by the quark masses and six additional independent numbers (Re ρˆl, Im ρˆl, Re ρˆd, Im ρˆd,
Re ρˆu, Im ρˆu) while for the Type I or Type II the freedom is much more limited as the
couplings can be specified by only two parameters (β, α3) with α3 = 0,±pi/2.
Adopting eq. (4.38) one finds
Γ(H2 → f3f¯3) = 3M2
8pi
m2f3
v2
(
(Re ρˆf )2β2f32 + (Im ρˆ
f )2
)
βf32, (6.1)
Γ(H3 → f3f¯3) = 3M3
8pi
m2f3
v2
(
(Im ρˆf )2β2f33 + (Re ρˆ
f )2
)
βf33. (6.2)
for f3 = τ, b, t and βf α ≡
√
1− 4m2f/M2α. With the exception of the case of final state
top quarks, we may approximate βf α ∼ 1. Note that when βf α ∼ 1 then the relations of
eq. (4.33) imply that the squared matrix elements for H2 → ff¯ and H3 → ff¯ are nearly the
same, so that the corresponding widths differ only by the overall scalar masses, therefore
for f3 6= t one expects
Γ(H2 → f3f¯3)
Γ(H3 → f3f¯3)
=
M2
M3
+O
(
m2f3
M22,3
)
. (6.3)
It is useful to define the reduced width for fermionic two-body Higgs boson decays,
Γ¯(Hα → ff¯) ≡ 8pi
3Mα
Γ(Hα → ff¯)
(
v
mf
)2
β−1f α, (6.4)
with α = 2, 3. In Table 2 we collect predictions for τ+τ−, bb¯, cc¯, and tt¯ reduced decay
widths Γ¯ in the Type I and Type II models and compare to the 2HDM67.
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Γ¯(Hα → ff¯) Type I Type II 2HDM67
Γ¯(H2,3 → τ+τ−)
(
cβ
sβ
)2 (
sβ
cβ
)2
|ρˆl|2
Γ¯(H2,3 → bb¯)
(
cβ
sβ
)2 (
sβ
cβ
)2
|ρˆd|2
Γ¯(H2 → cc¯)
(
cβ
sβ
)2 (
cβ
sβ
)2
0
Γ¯(H2 → tt¯)
(
cβ
sβ
)2
(c23β
2
t 2 + s
2
3)
(
cβ
sβ
)2
(c23β
2
t 2 + s
2
3) (Re ρˆ
u)2β2t 2 + (Im ρˆ
u)2
Γ¯(H3 → tt¯)
(
cβ
sβ
)2
(s23β
2
t 2 + c
2
3)
(
cβ
sβ
)2
(s23β
2
t 3 + c
2
3) (Im ρˆ
u)2β2t 3 + (Re ρˆ
u)2
Table 2. Rescaled decay widths Γ¯ for τ+τ−, bb¯, cc¯, and tt¯ final states in the AL. For τ , b, and c,
βf α was approximated by 1. For the 2HDM67 the assumption of eq. (4.38) was adopted.
The correlations between H2 and H3 decay widths are clearly seen from Table 2.
Note first of all that for the light fermions the reduced widths are equal for H2 and H3,
Γ¯(H2 → ff¯) = Γ¯(H3 → ff¯), this is a consequence of the alignment and could be explored
to test this scenario. Note however that since it holds also in the Type I and Type II
models, it can not be used to disentangle various versions of 2HDM5. The extra freedom
provided within the 2HDM67 is also seen from the table, e.g. in the Type I and Type
II models Γ¯(H2,3 → τ+τ−) ' Γ¯(H2,3 → bb¯), while in 2HDM67 the reduced widths might
be different. Note that for the Type I and Type II models leptonic-, down- and up-type
widths are correlated while within 2HDM67 they are independent. Of course, the most
straightforward way to disentangle Type I, II and 2HDM67 in the AL is to look for FCNC
in H2,3 decays, since they are not present in the former models while they may appear in
the 2HDM67 at the tree level. Of course, the discovery of FCNC by itself would not test
the alignment scenario as one would need to verify the correlations between the H2 and
H3 couplings (and therefore their widths) encoded in eqs. (4.34)–(4.35).
For tt¯ final states the AL might be tested just by measuring Γ¯t 2,3, if a solution with
respect to Im ρˆu and Re ρˆu exists then the measurement agrees with the AL. Note that the
same measurement could also be interpreted within Type I or Type II. Then, if eq. (4.8)
is adopted in Table 2 one obtains for Type I and II the following, β-dependent relation
Γ¯(H2 → t¯t)
Γ¯(H3 → t¯t) =
{
β2t 2 α3 = 0
β−2t 3 α3 = ±pi/2
(6.5)
If Γ2,3 and masses were measured, then eq. (6.5) could be verified in order to test the
alignment scenario for the Type I and II models.
For completeness and future reference we exhibit below the most general Yukawa cou-
plings, expanded up to linear order in e2,3/v:
l¯kllH1 : −mk
v
δlk +
1
2
√
2v
[(
ρ¯llk
)∗
(1 + γ5)(e2 + ie3) + ρ¯
l
kl(1− γ5)(e2 − ie3)
]
, (6.6)
d¯kdlH1 : −mdl
v
δlk +
1
2
√
2v
[(
ρ¯dlk
)∗
(1 + γ5)(e2 + ie3) + ρ¯
d
kl(1− γ5)(e2 − ie3)
]
, (6.7)
u¯kulH1 : −muk
v
δlk +
1
2
√
2v
[(ρ¯ulk)
∗ (1− γ5)(e2 + ie3) + ρ¯ukl(1 + γ5)(e2 − ie3)] . (6.8)
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Below, α = 2 or 3:
l¯kllHα : −mk
v2
eαδlk +
iα
2
√
2
[(
ρ¯llk
)∗
(1 + γ5) + (−1)αρ¯lkl(1− γ5)
]
, (6.9)
d¯kdlHα : −mdl
v2
eαδlk +
iα
2
√
2
[(
ρ¯dlk
)∗
(1 + γ5) + (−1)αρ¯dkl(1− γ5)
]
, (6.10)
u¯kulHα : −muk
v2
eαδlk +
iα
2
√
2
[(ρ¯ulk)
∗ (1− γ5) + (−1)αρ¯ukl(1 + γ5)] . (6.11)
These results show that in the case of a broken Z2 symmetry, both flavor-nondiagonal
Yukawa couplings of H2,3 and new CPV Yukawa couplings are present even in the AL.
Of course, there exist experimental constraints on FCNCs, e.g. measured upper limits
for BR(Bs → µ+µ−) or B0s,d–B0s,d mixing that constrain the flavor-nondiagonal Yukawa
couplings of the neutral Higgs bosons. For example, the experimental measurements of the
latter roughly imply that
mbmk
M2α
×
{∣∣∣ρ¯dbk∣∣∣2 , ∣∣∣ρ¯dkb∣∣∣2 , ∣∣∣ρ¯dbkρ¯d ?kb ∣∣∣} 1 , (6.12)
for k = d, s and α = 2, 3. The above constraints would be naturally satisfied in the AL
with decoupling for M2,3 >∼ 10 TeV. In contrast, in the AL without decoupling with
M2,3 ∼ O(100) GeV, the ρ¯dbk must be sufficiently suppressed. On the other hand, the
presence of some Higgs-mediated FCNCs could be seen as an advantage of the model given
that not all FCNC couplings are significantly constrained by experiment (as in the case of
FCNCs involving the top quark, which could show up in future experimental studies).
6.2 Bosonic decays
As we have already seen, fermionic decays of Higgs bosons in the generic model suffer from
the presence of many unknown parameters encoded into the ρ matrices. Therefore it is
reasonable to consider only the exact AL while investigating fermionic decays. However
for bosonic decays we are going to expand the potential around the alignment up to linear
terms in e2/v and e3/v. For vector-scalar decay modes we need to expand also the fi
coefficients up to linear order in e2/v and e3/v
f1 = −f˜
(e2
v
− ie3
v
)
, (6.13)
f2 = f˜ , f3 = −if˜ (6.14)
for f˜ = v(c3 − is3).
Since we are going to focus on two-body Higgs boson decays, in Tables 3–5 we collect
coefficients of cubic bosonic operators expanded around the AL up to linear terms in e2/v
and e3/v. One subtlety in obtaining the results of Table 3 is the distinction between
achieving the alignment limit via decoupling or in the absence of decoupling. We illustrate
this point by examining the H1H1H2 coupling. Eq. (B.3) yields the following coefficient of
the H1H1H2 operator in the scalar potential,
H1H1H2 : −e1e2
v2
q1 +
v2 − e21
2v2
q2 +
(3e21 − v2)e2
v4
M2H±+
(v2 − e21)e2
v4
M21 −
e21e2
2v4
M22 . (6.15)
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operator exact AL O(e2/v) O(e3/v)
H1H1H1 M
2
1 /(2v) 0 0
H2H2H2
1
2q2 (M
2
2 −M2H±)/v 0
H3H3H3
1
2q3 0 (M
2
3 −M2H±)/v
H1H1H2 0 (4M
2
H± −M22 − 2vq1)/(2v) 0
H1H1H3 0 0 (4M
2
H± −M23 − 2vq1)/(2v)
H2H2H1 (2M
2
2 − 2M2H± + vq1)/(2v) −q2 0
H3H3H1 (2M
2
3 − 2M2H± + vq1)/(2v) 0 −q3
H2H2H3
1
2q3 0 (M
2
2 −M2H±)/v
H3H3H2
1
2q2 (M
2
3 −M2H±)/v 0
H1H2H3 0 −q3 −q2
HiH
−H+ qi 0 0
Table 3. Coefficients of cubic (non-Goldstone) scalar operators expanded around the alignment
limit (AL) without decoupling up to O(e2,3/v). The second, third and fourth columns show the
exact alignment result and coefficients of e2/v and e3/v, respectively. If the alignment limit is
realized via decoupling, then certain results of this table are modified as shown in Table 4.
operator exact AL O(e2/v) O(e3/v)
H1H1H1 M
2
1 /(2v) −e2M2H±/v2 −e3M2H±/v2
H1H1H2 3e2M
2
2 /(2v
2) (2M2H± − 2M22 − vq1)/v 0
H1H1H3 3e3M
2
3 /(2v
2) 0 (2M2H± − 2M23 − vq1)/v
H2H2H1 (2M
2
2 − 2M2H± + vq1)/(2v) −q2 + 2e2M22 /v2 0
H3H3H1 (2M
2
3 − 2M2H± + vq1)/(2v) 0 −q3 + 2e3M23 /v2
H1H2H3 0 −q3 + 2e3M23 /v2 −q2 + 2e2M22 /v2
Table 4. Coefficients of cubic scalar operators expanded around the alignment limit (AL), where
the alignment is realized via decoupling, up to O(e2,3/v). See caption to Table 3. Note that
e2M
2 and e3M
2 (for M = M2, M3 or MH±) approach a finite nonzero value in the limit of exact
decoupling (i.e., as M →∞). Further explanations are provided in the text.
In the approximate alignment limit without decoupling, all scalar squared masses are of
O(v2). In light of Table 8, the coefficient of the H1H1H2 operator is
v
[
e2(4M
2
H± −M22 − 2vq1)
2v3
+O(e22/v2, e23/v2)
]
, (6.16)
where we have explicitly exhibited the terms of O(e2/v) inside the bracketed expression
above [note that there are no terms of O(e3/v)]. In the exact alignment limit (where
we set e2 = e3 = 0), the coefficient of the H1H1H2 operator vanishes. In contrast, in
the decoupling regime, M22 , M
2
H±  v2, and the expansion in the small parameters is
organized differently. In particular, using the results of Appendix D.3, one can derive
eq. (D.47), which yields,
e2M
2 ' v3Re (Z6e−iθ23) , e3M2 ' −v3Im (Z6e−iθ23) , for M = M2,M3,MH± ,
(6.17)
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operator exact AL O(e2/v) O(e3/v)
H1H
+W−µ 0 − ig2v f˜(p1 − p+)µ − g2v f˜(p1 − p+)µ
H1H
−W+µ 0 +
ig
2v f˜
∗(p1 − p−)µ − g2v f˜∗(p1 − p−)µ
H2H
+W−µ +
ig
2v f˜(p2 − p+)µ 0 0
H2H
−W+µ − ig2v f˜∗(p2 − p−)µ 0 0
H3H
+W−µ +
g
2v f˜(p3 − p+)µ 0 0
H3H
−W+µ +
g
2v f˜
∗(p3 − p−)µ 0 0
H1H2Zµ 0 0
g
2 cos θW
(p1 − p2)µ
H2H3Zµ
g
2 cos θW
(p2 − p3)µ 0 0
H3H1Zµ 0
g
2 cos θW
(p3 − p1)µ 0
H1ZµZν
ig2v
2 cos2 θW
gµν 0 0
H2ZµZν 0
ig2v
2 cos2 θW
gµν 0
H3ZµZν 0 0
ig2v
2 cos2 θW
gµν
H1W
+
µ W
−
ν
ig2v
2 gµν 0 0
H2W
+
µ W
−
ν 0
ig2v
2 gµν 0
H3W
+
µ W
−
ν 0 0
ig2v
2 gµν
Table 5. Coefficients of HiH
+W−µ , HiH
−W+µ , HiHjZµ, HiZµZν and HiW
+
µ W
−
ν operators ex-
panded around the AL up to O(e2,3/v). The second, third and fourth columns show the alignment
result and coefficients of e2/v and e3/v, respectively.
where Z6 is an O(1) parameter that appears in the scalar potential expressed in terms
of the Higgs basis fields [cf. eq. (D.3)], and θ23 is a mixing angle introduced in eq. (D.9).
Hence, in the exact alignment limit in the decoupling regime, eq. (6.16) yields 3e2M
2
2 /(2v
2),
which is finite and nonzero as M2 →∞ in light of eq. (6.17). The first order correction to
this result is
e2
[
2(M2H± −M22 )− vq1
]
v2
, (6.18)
where the difference in the squared masses above is given by eq. (D.46). Similar consider-
ations apply to the H1H1H3 operator in Table 3.
Similarly, in the O(e2/v) and O(e3/v) entries for the H1H1H1, H2H2H1, H3H3H1
and H1H2H3 operators, the results presented in Table 3 do not include terms that are of
O(e22M2/v3) and O(e32M2/v3), where M = M2,M3 or MH± . Such terms are quadratically
suppressed in the approximate alignment limit without decoupling. But in the decoupling
regime, eq. (6.17) implies that such terms would compete with those terms listed in Table 3.
Thus, in Table 4, we provide the exact alignment results and the corresponding first order
corrections for those cubic Higgs operators that differ from the results displayed in Table 3.
In Table 6 we combine predictions for bosonic Higgs boson two-body decays. Note
that ratios of decay widths for processes contained in the second and third rows of Table 6
are functions of masses of the involved particles only, as the couplings proportional to e2
and e3 cancel out. Therefore, even though the widths are expected to be small, predictions
for their ratios are quite unambiguous, depending on masses of the involved particles only.
– 20 –
Γ decay process
O(1) H± → H2,3W±, H2,3 → H+H−, H2,3 → H1H1 (DL), H3 → H2H2, H3 → H2Z
O[ ( e2v )2 ] H3 → H1Z, H2 → ZZ, H2 →W+W−, H2 → H1H1
O[ ( e3v )2 ] H2 → H1Z, H3 → ZZ, H3 →W+W−, H3 → H1H1
O[ ( e2v )2 , ( e3v )2 , e2e3v2 ] H3 → H2H1
Table 6. Possible two-body decays of heavy Higgs bosons classified according to the strength of
the corresponding decay width. The first row shows leading decays that exist in the AL, the second
and third rows show decays the width of which is suppressed by (e2/v)
2 and (e3/v)
2, respectively,
while the fourth one contains decays with the width suppressed by max[(e2/v)
2, (e3/v)
2, (e2e3/v
2)].
As noted in the text [cf. Tables 3 and 4], if approximate alignment is achieved in the decoupling
limit (DL), then the coefficient of the H1H1Hk operator (for k = 2, 3) in the exact alignment limit
is nonzero and hence unsuppressed.
6.2.1 Scalar-scalar modes
Among the leading, unsuppressed decays contained in the first row of Table 6 only two
purely scalar decays H3 → H+H−, H3 → H2H2 are subject of some extra uncertainties as
they are both ∝ q3, however their ratio
BR(H3 → H+H−)
BR(H3 → H2H2) =
√
M23 − 4M2H±
M23 − 4M22
[
1− 4(M
2
2 −M2H±)
q3v
e3
v
+O(e22/v2, e2e3/v2, e23/v2)
]
,
(6.19)
depends only on the masses of the particles involved in the decays and therefore might
be useful for testing this scenario. Note that in the 2HDM5 models H3 → H+H− and
H3 → H2H2 decays exist only if α3 = ±pi/2 (A = H2 and H = H3). In the case of α3 = 0
(A = H3 and H = H2) the corresponding widths vanish at the tree level.
Furthermore, as seen from Table 6, we find that to the leading order
BR(H3 → H1H2) = O(e22/v2, e2e3/v2, e23/v2). (6.20)
In contrast, the decay rate for H2,3 → H1H1 may or may not be suppressed depending on
whether approximate alignment is achieved with or without decoupling. Indeed as previ-
ously noted, the leading contribution to the HkH1H1 coupling (for k = 2, 3) is proportional
to ekM
2
k/v
2 ∼ O(v) in the limit of large Mk  v and hence unsuppressed.
6.2.2 Scalar-vector modes
In this subsection, we consider Higgs decay modes into two-body V V and V H final states
(for V = W± or Z and H = H1,2,3, H±).12 In the AL, H1 couples to the vector bosons
as in the SM, whereas the decay rates for the modes H2,3 → W+W−, H2,3 → ZZ and
H2,3 → H1Z all vanish, since their couplings are proportional to e2,3 = 0. Hence, it follows
that
Γ(H1 →W+W−, ZZ)
Γ(HSM →W+W−, ZZ) = 1 +O(e
2
2/v
2, e2e3/v
2, e23/v
2), (6.21)
12In the CP-conserving 2HDM, the phenomenology of these decay modes are discussed in Refs. [47–50].
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BR(H2,3 →W+W−, ZZ,H1Z) = O(e22/v2, e2e3/v2, e23/v2). (6.22)
The couplings H2H
+W− and H3H+W− differ by a phase factor only, so that (if kinemat-
ically open)13
BR(H± → H2W±)
BR(H± → H3W±) =
[λ(MH± ,M2,MW )]
3/2
[λ(MH± ,M3,MW )]
3/2
+O(e22/v2, e2e3/v2, e23/v2). (6.23)
Similarly, the couplings H3H
+W− and H3H2Z differ by a phase and a trivial factor only,
so
BR(H3 → H2Z)
BR(H3 → H+W−) =
1
c2W
[λ(M3,M2,MZ)]
3/2
[λ(M3,MH± ,MW )]
3/2
+O(e22/v2, e2e3/v2, e23/v2). (6.24)
The observables defined above do not differentiate between the 2HDM5 and 2HDM67
models.
Since in the AL f1 = 0 therefore
BR(H± →W±H1) = O(e22/v2, e2e3/v2, e23/v2). (6.25)
This holds both for the 2HDM5 and 2HDM67 models.
Note that for the V V and V H final states discussed in this subsection, the leading
corrections to the AL results appear at the quadratic level, i.e., there are no corrections
linear in e2,3. Therefore the above predictions in the AL are rather robust.
7 Summary
Given that the observed couplings of the Higgs boson are SM-like and the ρ parameter
is measured to be near 1, models of extended Higgs sectors are significantly constrained.
The generic two Higgs doublet model (2HDM) unconstrained by a Z2 symmetry provides
a simple extension of the SM with new sources of CP violation in the scalar sector. In this
paper, the phenomenology of the approximate alignment limit of the 2HDM in which the
125 GeV Higgs boson couplings are close to those of the SM has been discussed in detail.
The alignment limit can be achieved with or without the decoupling of the heavier Higgs
states of the scalar sector. Indeed, regions of the 2HDM parameter space exist in which
at least some of the heavier scalar states have masses not significantly above the observed
Higgs boson mass of 125 GeV, without being in conflict with the SM-like couplings of the
discovered Higgs boson.14
We have shown that all possible bosonic couplings of the 2HDM scalars can be ex-
pressed in terms of a minimal set of seven physical Higgs couplings and four scalar masses,
which then yield numerous correlations among processes involving the interactions of the
13The Ka¨lle´n function is defined as λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz.
14A comprehensive analysis of the generic 2HDM parameter space consistent with all existing experimental
observables will be postponed for future work. In this paper, we simply emphasize that even if the additional
scalars of the 2HDM are light, the structure of the model does not preclude the SM-like Higgs boson coupling
from being SM-like.
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scalars. Some of these correlations are quite striking in the alignment limit; for example,
BR(H2,3 → W+W−, ZZ, ZH1) = 0 and BR(H± → W±H1) = 0. In addition, correlations
between H2 and H3 couplings in the alignment limit imply that the ratios of branching
ratios, BR(H± → H2W±)/BR(H± → H3W±), BR(H3 → H2Z)/BR(H3 → H+W−) for
bosonic decays and Γ(H2 → ff¯)/Γ(H3 → ff¯) for fermionic ones, are functions of masses
only. Leading corrections (∝ e2,3) to the alignment limit results for bosonic decays of H2,3
have been also calculated. In particular, for the scalar-vector final states, the corrections
to exact alignment are quadratic in small quantities, i.e. they are proportional to e22, e2e3
or e23. Consequently, the alignment limit results for branching ratios into scalar-vector final
states are quite robust.
In processes that involve the cubic or quartic scalar couplings, the implications of
the alignment limit may depend on whether alignment is achieved via the decoupling of
heavy scalar states. For example, we have shown that in the exact alignment limit without
decoupling, BR(H2,3 → H1H1) = 0. In contrast, in the decoupling regime, this branching
ratio is finite and non-zero.
For the Yukawa couplings, in addition to presenting the most general results, various
special cases were considered, e.g. diagonal ρ matrices, type I or II models, etc. Leading
corrections to the exact alignment limit values have been also shown and expressed in terms
of the (small, i.e. ∝ e2,3) couplings of the heavier scalars to the gauge bosons. It should be
stressed that broken Z2 implies not only new sources of CP-violation in the potential, but
also extra CP-violating Yukawa couplings. Phenomenologically the latter might be even
more relevant in future collider studies.
The absence of a Z2 symmetry, even in the alignment limit, results in the presence
of flavor-nondiagonal Yukawa couplings of the heavier neutral Higgs bosons. For some of
them there exist severe experimental upper limits which would be satisfied in the alignment
limit for sufficiently heavy non-SM-like Higgs boson masses (i.e., in the alignment limit with
decoupling). In contrast, the alignment limit without decoupling with M2,3 ∼ O(100) GeV
requires a significant fine-tuning of the flavor-nondiagonal couplings to be consistent with
experimental constraints. In this context, we note that current experimental constraints on
flavor-nondiagonal neutral Higgs coupling to top quarks are quite weak. If evidence of such
couplings emerge in future experiments, such phenomena could be easily accommodated
in the generic 2HDM.
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A Couplings involving gauge fields
By putting
Dµ = ∂µ +
ig
2
σiW
µ
i + i
g′
2
Bµ, (A.1)
with Wµ1 =
1√
2
(W+µ + W−µ), Wµ2 =
i√
2
(W+µ −W−µ), Wµ3 = cos θWZµ + sin θWAµ and
Bµ = − sin θWZµ + cos θWAµ, the kinetic part of the Lagrangian can be written
Lk = (DµΦ1)†(DµΦ1) + (DµΦ2)†(DµΦ2). (A.2)
From Lk we can now read off directly coefficients representing the interactions involving
both scalars and vector bosons:
A.1 Trilinear couplings involving one scalar and two vector bosons
By reading off the coefficients from the kinetic part of the Lagrangian we find15
HiZµZ
µ :
g2
4 cos2 θW
ei, HiW
+
µ W
−µ :
g2
2
ei, (A.3a)
G±W∓µ A
µ :
g2v
2
sin θW , G
±W∓µ Z
µ : − g
2v
2
sin2 θW
cos θW
. (A.3b)
The factors ei parametrizing the first two of these couplings play an important role. They
are given by
ei ≡ v1Ri1 + v2Ri2, (A.4)
and are known to be basis invariant quantities.
A.2 Trilinear couplings involving two scalars and one vector boson
The coefficients of the kinetic part of the Lagrangian are in these cases found to be16
(Hi
↔
∂µHj)Z
µ : − g
2v cos θW
ijkek, (G
0↔∂µHi)Zµ : g
2v cos θW
ei, (A.5a)
(H+
↔
∂µH
−)Aµ : ig sin θW , (H+
↔
∂µH
−)Zµ : i
g
2
cos 2θW
cos θW
, (A.5b)
(G+
↔
∂µG
−)Aµ : ig sin θW , (G+
↔
∂µG
−)Zµ : i
g
2
cos 2θW
cos θW
, (A.5c)
(G±
↔
∂µHi)W
∓µ : ± i g
2v
ei, (G
±↔∂µG0)W∓µ : g
2
, (A.5d)
(H+
↔
∂µHi)W
−µ : i
g
2v
fi, (H
−↔∂µHi)W+µ : − i g
2v
f∗i . (A.5e)
15In order to promote these coefficients to Feynman rules we should multiply with i and an appropriate
combinatorial factor if the vertex contains identical particles.
16Eq. (A.5e) corrects a misprint in eq. (B.25d) of Ref. [32].
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Here, we encounter the coefficients fi (and their conjugate partners f
∗
i ), which appear in
couplings between scalars and gauge bosons whenever an H+W− pair (H−W+ pair) is
present in the vertex17. These factors are defined by
fi ≡ v1Ri2 − v2Ri1 − ivRi3, (A.6)
and satisfy the relation given in eq. (3.10).
A.3 Quadrilinear couplings involving two scalars and two vector bosons
For the coefficients of the quadrilinear couplings we find:
HiHiZµZ
µ :
g2
8 cos2 θW
, G0G0ZµZ
µ :
g2
8 cos2 θW
, (A.7a)
HiHiW
+
µ W
−µ :
g2
4
, G0G0W+µ W
−µ :
g2
4
, (A.7b)
HiG
±AµW∓µ :
g2
2v
sin θWei, G
0G±AµW∓µ : ∓ ig
2
2
sin θW, (A.7c)
G−G+AµAµ : g2 sin2 θW , H−H+AµAµ : g2 sin2 θW , (A.7d)
G−G+AµZµ : g2 tan θW cos 2θW , H−H+AµZµ : g2 tan θW cos 2θW , (A.7e)
G−G+ZµZµ :
g2
4
cos2 2θW
cos2 θW
, H−H+ZµZµ :
g2
4
cos2 2θW
cos2 θW
, (A.7f)
G−G+W+µ W
−µ :
g2
2
, H−H+W+µ W
−µ :
g2
2
, (A.7g)
HiG
±ZµW∓µ : − g
2
2v
sin2 θW
cos θW
ei, G
0G±ZµW∓µ : ± ig
2
2
sin2 θW
cos θW
, (A.7h)
HiH
+AµW
−µ :
g2
2v
sin θW fi, HiH
−AµW+µ :
g2
2v
sin θW f
∗
i , (A.7i)
HiH
+ZµW
−µ : − g
2
2v
sin2 θW
cos θW
fi, HiH
−ZµW+µ : − g
2
2v
sin2 θW
cos θW
f∗i . (A.7j)
B Cubic coefficients from the potential
The trilinear couplings18 among the scalars can be expressed in terms of the eleven observ-
ables (masses/couplings) of P, eq. (3.2) (and the auxiliary quantities fi) as follows:
HiHiHi :
v2 − e2i
2v2
qi − (v
2 − e2i )ei
v4
M2H± +
(2v2 − e2i )ei
2v4
M2i (B.1)
HiG
0G0 :
ei
2v2
M2i (B.2)
HiHiHj : − eiej
v2
qi +
v2 − e2i
2v2
qj +
(3e2i − v2)ej
v4
M2H± +
(v2 − e2i )ej
v4
M2i −
e2i ej
2v4
M2j
(B.3)
17As we shall soon see, fi and f
∗
i also appear in scalar couplings whenever an H
+G− or H−G+ pair is
present.
18We present here the coefficients of the potential. In order to promote these to Feynman rules one must
multiply by −i due to the fact that the potential appears with a negative sign in the Lagrangian as well as
an appropriate combinatorial factor if the vertex contains identical particles.
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G0HjHj : 0 (B.4)
G0HiHj :
1
v2
∑
k
ijkek(M
2
i −M2j ) (B.5)
H1H2H3 : − e2e3
v2
q1 − e1e3
v2
q2 − e1e2
v2
q3 +
6e1e2e3
v4
M2H± −
e1e2e3
v4
(M21 +M
2
2 +M
2
3 )
(B.6)
HiG
+G− :
ei
v2
M2i (B.7)
HiH
+H− : qi (B.8)
HiH
+G− :
fi
v2
(M2i −M2H±) (B.9)
Charge-conjugated vertices are related by complex conjugation, HiG
+H− = (HiH+G−)∗.
C Quartic coefficients from the potential
The quartic couplings among the scalars can be expressed in terms of the P parameters of
eq. (3.2) supplemented by fi as follows:
G0G0G0G0 :
1
8v4
(
e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3
)
(C.1)
HiHiHiHi :
(v2 − e2i )2
4v4
q +
(v2 − e2i )ei
2v4
qi +
e4i
8v8
(e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 )
− (v
2 − e2i )e2i
4v6
(e1q1 + e2q2 + e3q3 + 2M
2
H± − 2M2i ) (C.2)
HiG
0G0G0 :
1
4v4
∑
j,k
ijkejek(M
2
k −M2j ) (C.3)
HiHiHiHj :
(e2i − v2)eiej
v4
q +
(v2 − 3e2i )ej
2v4
qi +
(v2 − e2i )ei
2v4
qj
+
(2e2i − v2)eiej
2v6
(e1q1 + e2q2 + e3q3 + 2M
2
H±)
+
(2v2 − 3e2i )eiej
2v6
M2i −
e3i ej
2v6
M2j +
e3i ej
2v8
(e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 ) (C.4)
G0HiHiHi :
v2 − e2i
2v4
∑
j,k
ijkejqk +
e2i
2v6
∑
j,k
ijkejekM
2
j (C.5)
HiHiG
0G0 :
v2 − e2i
4v4
(e1q1 + e2q2 + e3q3 − 2M2H± + 2M21 + 2M22 + 2M23 ) +
3e2i − v2
2v4
M2i
− 2v
2 + e2i
4v6
(e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 ) (C.6)
HiHiHjHj :
v4 − (e2i + e2j )v2 + 3e2i e2j
2v4
q +
v2 − 3e2j
2v4
eiqi +
v2 − 3e2i
2v4
ejqj
+
6e2i e
2
j − (e2i + e2j )v2
4v6
(e1q1 + e2q2 + e3q3 + 2M
2
H±) +
(v2 − 3e2i )e2j
2v6
M2i
+
(v2 − 3e2j )e2i
2v6
M2j +
3e2i e
2
j
4v8
(e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 ) (C.7)
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HiHjG
0G0 : − eiej
2v4
(e1q1 + e2q2 + e3q3 − 2M2H± + 2M21 + 2M22 + 2M23 )
+
3eiej
2v4
(M2i +M
2
j )−
eiej
2v6
(e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 ) (C.8)
HiHiHjHk :
(3e2i − v2)ejek
v4
q +
(v2 − 3e2i + 6e2j )ek
2v4
qj +
(v2 − 3e2i + 6e2k)ej
2v4
qk
+
(6e2i − 7v2)ejek
2v6
(e1q1 + e2q2 + e3q3) +
(6e2i − v2)ejek
v6
M2H±
+
(2v2 − 3e2i )ejek
2v6
M2i −
3e2i ejek
2v6
(M21 +M
2
2 +M
2
3 )
+
3e2i ejek
2v8
(e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 ) (C.9)
G0HiHjHj :
[
−eiej
v4
qi −
(v2 − e2j )
2v4
qj
]∑
k
ijkek +
(v2 + 2e2i − e2j )ej
2v4
∑
k
ijkqk
(C.10)
+
[
(v2 − e2i )ej
v6
M2i +
(e2j − 2v2)ej
2v6
M2j
]∑
k
ijkek +
(2e2i − e2j )ej
2v6
∑
k
ijkekM
2
k
G0H1H2H3 :
1
v4
∑
i,j,k
ijkeie
2
jqi +
1
v6
∑
i,j,k
ijke
4
kM
2
i (C.11)
G0G0G+G− :
1
2v4
[
e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3
]
(C.12)
HiHiG
+G− :
v2 − e2i
2v4
(e1q1 + e2q2 + e3q3) +
e2i
v4
M2i −
e2i
2v6
(e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 )
(C.13)
HiG
0G+G− :
1
2v4
∑
j,k
ijkejek(M
2
k −M2j ) (C.14)
HiHjG
+G− : − eiej
v4
(e1q1 + e2q2 + e3q3 −M2i −M2j )−
eiej
v6
(e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3 )
(C.15)
G0G0H+H− :
1
2v2
(e1q1 + e2q2 + e3q3) (C.16)
HiHiH
+H− :
v2 − e2i
v2
q +
ei
v2
qi − e
2
i
2v4
(e1q1 + e2q2 + e3q3) (C.17)
HiG
0H+H− :
1
v2
∑
j,k
ijkejqk (C.18)
HiHjH
+H− : − 2eiej
v2
q +
1
v2
(ejqi + eiqj)− eiej
v4
(e1q1 + e2q2 + e3q3) (C.19)
G0G0H+G− :
1
2v4
(e1f1M
2
1 + e2f2M
2
2 + e3f3M
2
3 ) (C.20)
HiHiH
+G− :
v2 − e2i
2v4
(f1q1 + f2q2 + f3q3)− eifi
v4
M2H± +
eifi
v4
M2i
− e
2
i
2v6
(e1f1M
2
1 + e2f2M
2
2 + e3f3M
2
3 ) (C.21)
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HiG
0H+G− : − i fi
v3
M2H± +
1
v4
∑
i
ijkejfkM
2
k (C.22)
HiHjH
+G− : − eiej
v4
(f1q1 + f2q2 + f3q3)− eifj + ejfi
v4
M2H± +
1
v4
(ejfiM
2
i + eifjM
2
j )
− eiej
v6
(e1f1M
2
1 + e2f2M
2
2 + e3f3M
2
3 ) (C.23)
G+G+G−G− :
1
2v4
(
e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3
)
(C.24)
H+H+H−H− : q (C.25)
H+G+H−G− :
1
v2
(e1q1 + e2q2 + e3q3)− 2
v2
M2H± −
1
v4
(
e21M
2
1 + e
2
2M
2
2 + e
2
3M
2
3
)
+
1
v2
(M21 +M
2
2 +M
2
3 ) (C.26)
H+H+G−G− :
1
2v4
(f21M
2
1 + f
2
2M
2
2 + f
2
3M
2
3 ) (C.27)
H+G+G−G− :
1
v4
(e1f1M
2
1 + e2f2M
2
2 + e3f3M
2
3 ) (C.28)
H+H+H−G− :
1
v2
(f1q1 + f2q2 + f3q3) (C.29)
Again, charge-conjugated vertices are related by complex conjugation, e.g.,
G0G0G+H− = (G0G0H+G−)∗, (C.30)
and are not listed separately.
D 2HDM Analysis in the Higgs Basis
In the 2HDM67, the scalar fields in a general basis are parametrized by eq. (2.2). However,
there is no physical meaning attached to this basis. This means that the parameters vj and
ξj are unphysical. Likewise, the cosines and sines of the mixing angles (ci and si) defined
in eq. (2.8) are also unphysical.
There is some advantage to working in a basis that is more closely associated with
physical parameters. This motivates the introduction of the Higgs basis [39–42],
H1 =
(
H+1
H01
)
≡ v1e
−iξ1Φ1 + v2e−iξ2Φ2
v
, H2 =
(
H+2
H02
)
≡ −v2e
iξ2Φ1 + v1e
iξ1Φ2
v
,
(D.1)
where v ≡ (v21 + v22)1/2 = 2mW /g = (246 GeV)2. In particular, note that the VEVs of the
Higgs basis fields are
〈H01〉 =
v√
2
, 〈H02〉 = 0 . (D.2)
The Higgs basis is uniquely defined up to an overall rephasing, H2 → eiχH2. The scalar
potential of the 2HDM in terms of the Higgs basis fields is given by,
V = Y1H†1H1 + Y2H†2H2 + [Y3H†1H2 + H.c.]
+12Z1(H†1H1)2 + 12Z2(H†2H2)2 + Z3(H†1H1)(H†2H2) + Z4(H†1H2)(H†2H1)
+
{
1
2Z5(H†1H2)2 +
[
Z6(H†1H1) + Z7(H†2H2)
]H†1H2 + H.c.} . (D.3)
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The minimization of the scalar potential yields
Y1 = −12Z1v2 , Y3 = −12Z6v2 . (D.4)
Note that the Higgs basis scalar potential parameters Y3, Z5, Z6 and Z7 acquire a phase
under H2 → eiχH2,
[Y3, Z6, Z7]→ e−iχ[Y3, Z6, Z7] and Z5 → e−2iχZ5 . (D.5)
In contrast, Y1, Y2 and Z1,2,3,4 are invariant under H2 → eiχH2. Indeed, one can show that
any quantity defined in the Higgs basis that is invariant under the rephasing of H2 → eiχH2
is a physical quantity that is independent of the scalar basis employed to define it.19
D.1 Identifying the scalar mass-eigenstates
Next, we review the diagonalization of the charged Higgs and neutral Higgs squared-mass
matrices. In the Higgs basis, the Goldstone bosons can be identified as G± = H±1 and
G0 =
√
2 ImH01. It immediately follows that the physical charged Higgs boson is H±2 , with
squared mass,
M2H± = Y2 +
1
2Z3v
2 . (D.6)
Note that under the rephasing H2 → eiχH2, the neutral and charged Goldstone fields are
invariant, whereas
H± → e±iχH± . (D.7)
The physical neutral Higgs bosons are linear combinations of
√
2 ReH01 − v,
√
2 ReH02
and
√
2 ImH02. The corresponding neutral scalar mass eigenstates are obtained by diago-
nalizing the 3× 3 real symmetric squared-mass matrix [41, 51],
M2 = v2
 Z1 ReZ6 −ImZ6ReZ6 12Z345 + Y2/v2 −12 ImZ5
−ImZ6 −12 ImZ5 12Z345 + Y2/v2 − ReZ5
 , (D.8)
where Z345 ≡ Z3 + Z4 + ReZ5. The corresponding diagonalization matrix is a 3 × 3 real
orthogonal matrix that depends on three angles: θ12, θ13 and θ23,H1H2
H3
 =
c12c13 −s12c23 − c12s13s23 −c12s13c23 + s12s23s12c13 c12c23 − s12s13s23 −s12s13c23 − c12s23
s13 c13s23 c13c23


√
2 ReH01 − v√
2 ReH02√
2 ImH02
 ,
(D.9)
where the Hi are the mass-eigenstate neutral Higgs fields, cij ≡ cos θij and sij ≡ sin θij .
Without loss of generality, the angles θij are defined modulo pi, with the convention that
c12 and c13 are non-negative.
Under the rephasing H2 → eiχH2,
θ12 , θ13 are invariant, and θ23 → θ23 − χ . (D.10)
19More generally, one can show that any quantity defined in the Higgs basis that is invariant under the
rephasing of H2 → eiχH2 can be rewritten explicitly in a basis-independent form.
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k qk1 qk2
1 c12c13 −s12 − ic12s13
2 s12c13 c12 − is12s13
3 s13 ic13
Table 7. Invariant combinations of the neutral Higgs boson mixing angles θ12 and θ13, where
cij ≡ cos θij and sij ≡ sin θij .
As shown in Ref. [51], the invariant angles θ12 and θ13 are basis-independent quantities.
That is, θ12 and θ13 can be expressed explicitly in terms of basis-independent combinations
of quantities defined in any scalar field basis [cf. footnote 19].
The physical neutral Higgs mass eigenstate fields are then given by,
Hk = qk1
(√
2 Re H01 − v
)
+
1√
2
(
q∗k2H02eiθ23 + h.c.
)
, (D.11)
where the qk1 and qk2 are invariant combinations of θ12 and θ13, which are exhibited in
Table 7. Note that the physical neutral Higgs fields, Hj , are manifestly invariant under
the rephasing of the Higgs basis field H2.
The following relation satisfied by the qjk is notable,
q∗j2qk2 = δjk − qj1qk1 + ijk`q`1 . (D.12)
Setting j = k then yields,
q2k1 + |qk2|2 = 1 . (D.13)
One can also derive simple sum rules that are satisfied by the qkj ,
3∑
k=1
q2k1 =
1
2
3∑
k=1
|qk2|2 = 1 ,
3∑
k=1
q2k2 =
3∑
k=1
qk1qk2 = 0 . (D.14)
Some of these results can be understood as consequences of tree-level unitarity of the
theory [52].
One can invert eq. (D.11) to express the Higgs basis fields H1 and H2 in terms of the
mass-eigenstate scalar fields,
H1 =
(
G+
1√
2
[
v + qk1Hk + iG
0
]) , H2 = ( H+1√
2
qk2e
−iθ23Hk
)
, (D.15)
where there is an implicit sum over the repeated index k = 1, 2, 3. In this convention,
H± ≡ H±2 , which means that under the rephasing of the Higgs doublet field H2, the
charged Higgs field acquires a phase, H± → e±iχH± [cf. eq. (D.7)], in contrast to the
neutral fields Hk which are invariant under the rephasing of the Higgs basis field H2.20
20This convention was employed in Ref. [51]. Alternatively, one could rephase the definition of the charged
Higgs field by defining H± ≡ e±iθ23H±, which was later adopted in Ref. [26]. In this latter convention,
all Higgs fields are invariant under the rephasing of the Higgs basis field H2. Moreover, fk as defined via
eq. (D.20) would now be defined in eq. (D.21) with the factor of eiθ23 removed, and would thus be a truly
basis independent quantity. Nevertheless, we have not adopted this alternative convention in this work.
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D.2 Bosonic couplings of scalars and vectors in the 2HDM
Consider the coupling of the Higgs bosons to the gauge bosons. These arise from the Higgs
boson kinetic energy terms when the partial derivatives are replaced by the gauge covariant
derivatives: LKE = (D
µHk)†(DµHk). In the SU(2)L×U(1) electroweak gauge theory,
DµHk =
 ∂µH
+
k +
[
ig
cW
(
1
2 − s2W
)
Zµ + ieAµ
]
H+k +
ig√
2
W+µ H0k
∂µH0k −
ig
2cW
ZµH0k +
ig√
2
W−µ H+k
 , (D.16)
where sW ≡ sin θW and cW ≡ cos θW . Inserting eq. (D.16) into LKE yields the Higgs
boson–gauge boson interactions in the Higgs basis. Finally, we use eq. (D.15) to obtain the
interaction Lagrangian of the gauge bosons with the physical Higgs boson mass-eigenstates
and Goldstone bosons. The resulting interaction terms are:
LV V H =
(
gmWW
+
µ W
µ− +
g
2cW
mZZµZ
µ
)
qk1Hk
+emWA
µ(W+µ G
− +W−µ G
+)− gmZs2WZµ(W+µ G− +W−µ G+) , (D.17)
LV V HH =
[
1
4g
2W+µ W
µ− +
g2
8c2W
ZµZ
µ
]
(G0G0 +HkHk)
+
{(
1
2egA
µW+µ −
g2s2W
2cW
ZµW+µ
)[
(qk1G
− + qk2 e−iθ23 H−)Hk + iG−G0
]
+ h.c.
}
+
[
1
2g
2W+µ W
µ− + e2AµAµ +
g2
c2W
(
1
2 − s2W
)2
ZµZ
µ
+
2ge
cW
(
1
2 − s2W
)
AµZ
µ
]
(G+G− +H+H−) , (D.18)
LV HH = − g
4cW
jk`q`1Z
µHj
↔
∂µ Hk − 12g
{
iW+µ
[
qk1G
−↔∂ µ Hk + qk2 e−iθ23 H−↔∂ µ Hk
]
+ h.c.
}
+
g
2cW
qk1Z
µG0
↔
∂µ Hk +
1
2g
(
W+µ G
−↔∂ µ G0 +W−µ G+
↔
∂ µ G0
)
+
[
ieAµ +
ig
cW
(
1
2 − s2W
)
Zµ
]
(G+
↔
∂µ G
− +H+
↔
∂µ H
−) , (D.19)
where the sum over pairs of repeated indices j, k = 1, 2, 3 is implied.
The goal of this Appendix is to rewrite the cubic and quartic scalar self-coupling in
terms of physical couplings and masses. We begin by introducing the reduced couplings ek
and fk via the interaction Lagrangian,
L 3 12g2
(
W+µ W
µ− +
1
2c2W
ZµZ
µ
)
ekHk − g
2v
{
if∗kW
+
µ H
−↔∂ µ Hk + h.c.
}
, (D.20)
where there is an implicit sum over the repeated index k. Since the coupling of the scalars
to vector bosons depends on the qjk, it follows from eqs. (D.17) and (D.19) that
ek = vqk1 , fk = vq
∗
k2e
iθ23 . (D.21)
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Note that eq. (D.14) yields,
3∑
k=1
e2k =
1
2
3∑
k=1
|fk|2 = v2 ,
3∑
k=1
f2k =
3∑
k=1
ekfk = 0 . (D.22)
Moreover, eq. (D.13) implies that for any choice of k = 1, 2, 3,
e2k + |fk|2 = v2 . (D.23)
Plugging eq. (D.15) into eq. (D.3) yields the basis-invariant form for the cubic and
quartic Higgs self-couplings. The explicit form for these scalar self-couplings can be found
in Ref. [51]. In order to rewrite these couplings in terms of Higgs masses and physical
couplings, we will need to introduce two additional quantities,
qk ≡ v
[
qk1Z3 + Re (qk2e
−iθ23Z7)
]
, q ≡ 12Z2 , (D.24)
which are defined via the scalar potential interaction terms,
V 3 qkHkH+H− + qH+H−H+H− . (D.25)
Using eq. (D.22), it follows that
3∑
k=1
ekqk = v
2Z3 ,
3∑
k=1
q2k = v
2
(
Z23 + |Z7|2
)
. (D.26)
We will also need expressions for the neutral Higgs masses. As shown in eqs. (C12)–
(C14) of Ref. [51], one can express the squared masses of the neutral Higgs bosons in
terms of Z1, Z6 and the neutral Higgs mixing angles. These expressions can be compactly
summarized by one equation,
M2k = v
2
[
Z1 +
1
qk1
Re
(
qk2Z6e
−iθ23)
]
, (D.27)
where Mk is the mass of Hk. Using eq. (D.14), it follows that
3∑
k=1
M2k q
2
k1 = v
2Z1 . (D.28)
For completeness, we note that due to the invariance of the trace under matrix diagonal-
ization, it follows from eq. (D.8) that
M21 +M
2
2 +M
2
3 = 2Y2 + (Z1 + Z3 + Z4)v
2 . (D.29)
One other mass relation that will prove useful is
M2k −M2H± = 12v2
[
Z4 +
qk2
q∗k2
Z5e
−2iθ23 +
2qk1
q∗k2
Z6e
−iθ23
]
. (D.30)
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Since the left hand side of eq. (D.30) is manifestly real, it follows that the right hand side
must be real as well. Indeed, using eqs. (C.8) and (C.18) of Ref. [51] to eliminate Z5, one
can independently verify that
Im
(
q2k2Z5e
−2iθ23 + 2qk1qk2Z6e−iθ23
)
= 0 . (D.31)
Thus, one can take the real part of eq. (D.30) to obtain,
M2k −M2H± = 12v2
[
Z4 +
1
|qk2|2 Re (q
2
k2Z5e
−2iθ23) +
2qk1
|qk2|2 Re (qk2Z6e
−iθ23)
]
. (D.32)
Using the above results, we can now rewrite the scalar self-couplings in terms of ek,
fk, qk, q and the scalar squared-masses. Here, we present two explicit examples. First, we
consider the cubic interaction of physical neutral Higgs scalars that arises from the scalar
potential. Using the results above, we obtain
VHHH =
{(
δk` − eke`
v2
)[
1
2qj −
(
M2H± −M2`
v2
)
ej
]
+
M2`
2v4
ejeke`
}
HjHkH` , (D.33)
where there are implicit sums over the repeated indices (including the index `, which is
repeated three times in terms that are proportional to the squared mass M2` ). One can
check that eq. (D.33) yields the results exhibited in eqs. (B.1), (B.3) and (B.6).
A similar computation yields the quartic interaction of physical neutral Higgs scalars
that arises from the scalar potential,
VHHHH =
{
1
4v2
(
δ`m − e`em
v2
)[
ej
(
2qk − (eiqi)ek
v2
)
− 2ejek
v2
(
M2H± −M2m
)]
+
ejeke`em(e
2
iM
2
i )
8v8
+
q
4
(
δj` − eje`
v2
)(
δkm − ekem
v2
)}
HjHkH`Hm , (D.34)
where there are implicit sums over the repeated indices (including the index m, which is
repeated three times in the terms that are proportional to the squared mass M2m). Again,
one can check that eq. (D.33) yields the results exhibited in eqs. (C.2), (C.4), (C.7) and
(C.9).
D.3 The alignment limit of the 2HDM
Finally, we discuss the nature of the alignment limit, in which the tree-level couplings of
one of the neutral Higgs bosons approach those of the SM Higgs boson. Higgs alignment
corresponds to the case in which a neutral Higgs mass eigenstate is aligned in field space
with the direction of the Higgs vacuum expectation value. That is,
√
2 ReH01− v is a mass
eigenstate, which possesses the tree-level properties of the SM Higgs boson. In light of
the structure of the neutral Higgs squared mass matrix given in eq. (D.8), approximate
alignment is realized in two cases:
(i) Y2  v2, with all quartic scalar coupling parameters Zi held fixed
(this is the decoupling limit).
(ii) |Z6|  1, corresponding to approximate alignment with or without decoupling.
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In the decoupling regime corresponding to case (i) above, H2, H3 and H
± are signif-
icantly heavier than H1, with a characteristic squared mass of O(Y2). Hence, at energy
scales below (Y2)
1/2, one can integrate out all the heavy scalar states, resulting in an effec-
tive theory that can be identified as the Standard Model with a single Higgs doublet field.
Corrections to the SM Higgs properties in this effective theory scale as v2/Y2. Above the
energy scale (Y2)
1/2, all physical scalars are present and are approximately mass degener-
ate. More precisely, squared mass differences between two of the heavy scalar states are of
O(v2).
In case (ii) above, approximate alignment is realized with or without decoupling de-
pending on whether condition (i) above is or is not satisfied. In the latter scenario, all
scalar squared masses are of O(v2) or less. Finally, exact alignment corresponds to the in-
finite mass limit of the heavy scalars in case (i) above or Z6 = 0 in case (ii) above. Indeed,
in the exact alignment limit, the tree-level couplings of H01 =
√
2ReH01 − v are precisely
those of the SM Higgs boson.
The conditions for alignment are easily ascertained by requiring that
√
2 ReH01−v has
the tree-level properties of the SM Higgs boson. Using eq. (D.17), one obtains
RV V ≡ gH1V V
ghSMV V
=
e1
v
= c12c13 , where V = W or Z , (D.35)
where hSM is the SM Higgs boson. Hence, the approximate alignment limit, RV V ' 1,
corresponds to e1 ' v. Note that eqs. (D.22) and (D.23) then yield e2, e3, |f1|  v and
|f2| ' |f3| ' v.
Since the ek and fk are determined by θ12 and θ13, the alignment conditions can
also be expressed as conditions on these two invariant mixing angles. Using eq. (D.35),
it follows that approximate alignment is achieved when s12 , s13  1 . One can obtain
approximate expressions for s12 and s13 by employing the following results obtained in
Ref. [51], which are a consequence of the diagonalization of the neutral scalar squared mass
matrix [eq. (D.8)],
Z1v
2 = M21 c
2
12c
2
13 +M
2
2 s
2
12c
2
13 +M
2
3 s
2
13 , (D.36)
Re (Z6 e
−iθ23) v2 = c13s12c12(M22 −M21 ) , (D.37)
Im (Z6 e
−iθ23) v2 = s13c13(c212M
2
1 + s
2
12M
2
2 −M23 ) , (D.38)
Re (Z5 e
−2iθ23) v2 = M21 (s
2
12 − c212s213) +M22 (c212 − s212s213)−M23 c213 , (D.39)
Im (Z5 e
−2iθ23) v2 = 2s12c12s13(M22 −M21 ) . (D.40)
It then follows that in the approximate alignment limit,
s12 ' Re (Z6e
−iθ23)v2
M22 −M21
 1 , (D.41)
s13 ' − Im (Z6e
−iθ23)v2
M23 −M21
 1 . (D.42)
Note that the two scenarios (i) and/or (ii) that were invoked above to define the approxi-
mate alignment limit are consistent with eqs. (D.41) and (D.42). In the decoupling limit,
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k ek fk qk
1 v −v(s12 − is13)eiθ23 v
[
Z3 − s12Re (e−iθ23Z7) + s13Im (e−iθ23Z7)
]
2 vs12 ve
iθ23 v
[
s12Z3 + Re (e
−iθ23Z7)
]
3 vs13 −iveiθ23 v
[
s13Z3 − Im (e−iθ23Z7)
]
Table 8. Values of ek, fk and qk defined in eqs. (D.21) and (D.24) in the approximate alignment
limit. Deviations from the alignment limit are treated to linear order in s12 and s13 [cf. eqs. (D.41)
and (D.42)].
M1 = 125 GeV is the mass of the SM-like Higgs boson, and M
2
2 , M
2
3  v2. In the approx-
imate alignment limit without decoupling, |Z6|  1 while all Higgs squared masses are of
O(v2).21 Moreover, Z6 = 0 corresponds to the exact alignment limit where s12 = s13 = 0.
One additional small quantity characterizes the approximate alignment limit,
Im (Z5e
−2iθ23) ' 2(M
2
2 −M21 )s12s13
v2
' − Im (Z
2
6e
−2iθ23)v2
M23 −M21
 1 . (D.43)
Finally, the following mass relations in the approximate alignment limit are noteworthy,
M21 ' v2
[
Z1 − s12Re (Z6e−iθ23) + s13Im (Z6e−iθ23)
]
, (D.44)
M22 −M23 ' v2
[
Re (Z5e
−2iθ23) + s12Re (Z6e−iθ23) + s13Im (Z6e−iθ23)
]
, (D.45)
M22 −M2H± ' 12v2
[
Z4 + Re (Z5e
−2iθ23) + 2s12Re (Z6e−iθ23)
]
. (D.46)
In light of eqs. (D.41) and (D.42), it follows that in the exact alignment limit, the only
nonzero values of the qij are q11 = q22 = 1 and q32 = i. Working to first order in the
small quantities s12, s13 in the approximate alignment limit generates nonzero values for
q21 ' s12, q31 ' s13 and q12 ' −s12−is13 (all other corrections are higher order in s12, s13).
These results can be used to obtain the values of ei, fi and qi in the approximate alignment
limit, which are exhibited in Table 8. Thus, the exact alignment limit corresponds to e1 = v
(with e2 = e3 = 0), and the leading deviation from the alignment limit is completely
characterized by the two small parameters s12 = e2/v and s13 = e3/v, whose values are
given by eqs. (D.41) and (D.42).
In some cases, one must distinguish between the alignment limit with or without
decoupling. For example, in the exact alignment limit without decoupling, the coefficient
of the H1H1H2 operator obtained from eq. (B.3) vanishes.
22 In contrast, in the decoupling
regime, M22 , M
2
H±  v2, and the expansion in the small parameters, s12 and s13, is
organized differently. In particular, eqs. (D.41) and (D.42) together with eqs. (D.45) and
(D.46) imply that in the decoupling limit,
s12M
2 ' v2Re (Z6e−iθ23) , s13M2 ' −v2Im (Z6e−iθ23) , for M = M2,M3,MH± .
(D.47)
21More precisely, we require that |Z6|  ∆M2j1/v2, where ∆M2j1 ≡M2j −M21 for j = 2, 3.
22In obtaining this result, we have made use of the relations, e1 = vc12c13 = v[1 + O(s212, s213)] and
e2 = vc13s12 = vs12[1 +O(s213)]. It follows that v2 − e21 = v2(1− c212c213) = v2O(s212, s213).
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Hence, in the exact alignment limit in the decoupling regime, the coefficient of the H1H1H2
operator is finite and nonzero as M2 → ∞. Details of this analysis can be found below
eq. (6.15).
Using Table 8 together with the cubic scalar couplings of Appendix B, it is straight-
forward to obtain the results exhibited in Tables 3 and 4.
E Details of the Yukawa couplings
The Yukawa couplings of the most general 2HDM are given in terms of the weak eigen-
states23 in eq. (72) of Ref. [51] by
−LquarksY = q0LΦ˜1ηu,01 u0R + q0LΦ1
(
ηd,01
)†
d0R + q
0
LΦ˜2η
u,0
2 u
0
R + q
0
LΦ2
(
ηd,02
)†
d0R + h.c.
−LleptonsY = `0LΦ1
(
ηl,01
)†
l0R + `
0
LΦ2
(
ηl,02
)†
l0R + h.c. (E.1)
Here, Φ1,2 are the Higgs doublets, which we split into upper (charged) and lower (neutral)
components as
Φj =
(
Φ+j
Φ0j
)
, (E.2)
and Φ˜j = iσ2Φ
∗
j . Using eqs. (73) and (74) of Ref. [51] we arrive for quarks at eq. (2.24) of
Ref. [53],
−LquarksY = uL
(
Φ0a¯
)∗
ηuauR − dLK†Φ−a¯ ηuauR + uLKΦ+a
(
ηda¯
)†
dR + dLΦ
0
a
(
ηda¯
)†
dR + h.c.,
(E.3)
where barred and un-barred indices are to be summed over and ηua , η
d
a are the Yukawa
matrices in the mass eigenstate basis. We have now rotated into the mass eigenstates, and
K is the CKM-matrix. For leptons:
−LleptonsY = ν0LΦ+a
(
ηl,0a¯
)†
l0R + l
0
LΦ
0
a
(
ηl,0a¯
)†
l0R + h.c. (E.4)
The parametrization of the Higgs doublets and extraction of the massless Goldstone fields
and the physical mass-eigenstate fields shall be done in an identical way as in section 2.
Next, in the fermionic eigenstate basis, we decompose these ηi-matrices into a part κ
proportional to the masses, and an orthogonal part ρ [54]. Following the notation of
eq. (2.25) of Ref. [53], we have
ηfa = κ
f vˆa + ρ
f wˆa, (E.5)
where f = u, d or l. Here
vˆj =
vj
v
eiξj , (E.6)
23Here, q0L and `
0
L are the weak isospin quark doublet and lepton doublet, respectively. u
0
R, d
0
R and l
0
R
are weak isospin up/down quark and lepton singlets, respectively.
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wˆ1 = −v2
v
e−iξ2 , (E.7)
wˆ2 =
v1
v
e−iξ1 . (E.8)
Working out the mass terms of the Yukawa couplings, we make the following identifications
κu =
√
2
v
diag(mu,mc,mt), (E.9)
κd =
√
2
v
diag(md,ms,mb), (E.10)
κl =
√
2
v
diag(me,mµ,mτ ). (E.11)
This enables us to write down the Yukawa couplings of the physical mass eigenstates. They
can be written in a more compact fashion if we introduce the notation
ρ˜f = e−i(ξ1+ξ2)ρf . (E.12)
E.1 Yukawa couplings with ρ diagonal
If ρ is diagonal, we avoid FCNC. The form of the Yukawa couplings when ρ is diagonal is:
l¯klkHj : −mlk
v2
ej − 1
2
√
2v
[(
ρ˜lkk
)∗
(1 + γ5)f
∗
j + ρ˜
l
kk(1− γ5)fj
]
, (E.13)
l¯kνkH
− : −1
2
ρ˜lkk(1− γ5), (E.14)
ν¯klkH
+ : −1
2
(
ρ˜lkk
)∗
(1 + γ5), (E.15)
d¯kdkHj : −mdk
v2
ej − 1
2
√
2v
[(
ρ˜dkk
)∗
(1 + γ5)f
∗
j + ρ˜
d
kk(1− γ5)fj
]
, (E.16)
u¯kukHj : −muk
v2
ej − 1
2
√
2v
[
(ρ˜ukk)
∗ (1− γ5)f∗j + ρ˜ukk(1 + γ5)fj
]
, (E.17)
u¯mdkH
+ :
1
2
Kmk
[
(ρ˜umm)
∗ (1− γ5)−
(
ρ˜dkk
)∗
(1 + γ5)
]
, (E.18)
d¯kumH
− :
1
2
K∗mk
[
ρ˜umm(1 + γ5)− ρ˜dkk(1− γ5)
]
, (E.19)
l¯klkG
0 : −imlk
v
γ5, (E.20)
l¯kνkG
− : −mlk√
2v
(1− γ5), (E.21)
ν¯klkG
+ : −mlk√
2v
(1 + γ5), (E.22)
d¯kdkG
0 : −imdk
v
γ5, (E.23)
u¯kukG
0 : i
muk
v
γ5, (E.24)
u¯mdkG
+ : Kmk
mum(1− γ5)−mdk(1 + γ5)√
2v
, (E.25)
d¯kumG
− : K∗mk
mum(1 + γ5)−mdk(1− γ5)√
2v
. (E.26)
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where K is the CKM matrix. Note that some of the terms derived from the κ-matrices are
proportional to ej . Hence, in the AL, they vanish for j = 2, 3 (H2 and H3). The same is
true for those terms containing f1 (H1).
E.2 Yukawa couplings with non-diagonal ρ
If ρ is non-diagonal, we introduce new couplings with FCNC. Also, some couplings already
listed above will change. The new and the changed ones are (k 6= m):
l¯klmHj : − 1
2
√
2v
[(
ρ˜lmk
)∗
(1 + γ5)f
∗
j + ρ˜
l
km(1− γ5)fj
]
, (E.27)
l¯mνlkH
− : −1
2
ρ˜lmk(1− γ5), (E.28)
ν¯lk lmH
+ : −1
2
(
ρ˜lmk
)∗
(1 + γ5), (E.29)
d¯kdmHj : − 1
2
√
2v
[(
ρ˜dmk
)∗
(1 + γ5)f
∗
j + ρ˜
d
km(1− γ5)fj
]
, (E.30)
u¯kumHj : − 1
2
√
2v
[
(ρ˜umk)
∗ (1− γ5)f∗j + ρ˜ukm(1 + γ5)fj
]
, (E.31)
u¯mdkH
+ :
1
2
{[
(ρ˜u)†K
]
mk
(1− γ5)−
[
K(ρ˜d)†
]
mk
(1 + γ5)
}
, (E.32)
d¯kumH
− :
1
2
{[
K†ρ˜u
]
km
(1 + γ5)−
[
ρ˜dK†
]
km
(1− γ5)
}
. (E.33)
E.3 Type I Yukawa couplings
In Type I, ηu,01 = η
d,0
1 = η
l,0
1 = 0, which immediately implies η
u
1 = η
d
1 = 0. This again
implies
ρu = − vˆ1
wˆ1
κu, ρ˜u =
v1
v2
√
2
v
diag(mu,mc,mt), (E.34)
ρd = − vˆ1
wˆ1
κd, ρ˜d =
v1
v2
√
2
v
diag(md,ms,mb), (E.35)
ρl = − vˆ1
wˆ1
κl, ρ˜l =
v1
v2
√
2
v
diag(me,mµ,mτ ). (E.36)
We find:
l¯klkHj : −mlk
v
Rj2 + icβRj3γ5
sβ
, (E.37)
l¯kνkH
− : − mlk√
2vtβ
(1− γ5), (E.38)
ν¯klkH
+ : − mlk√
2vtβ
(1 + γ5), (E.39)
d¯kdkHj : −mdk
v
Rj2 + icβRj3γ5
sβ
, (E.40)
u¯kukHj : −muk
v
Rj2 − icβRj3γ5
sβ
, (E.41)
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u¯mdkH
+ :
Kmk√
2vtβ
[mum(1− γ5)−mdk(1 + γ5)] , (E.42)
d¯kumH
− :
K∗mk√
2vtβ
[mum(1 + γ5)−mdk(1− γ5)] , (E.43)
where tβ = tanβ = v2/v1.
In the AL, Type I Yukawa couplings preserve CP. Depending on the value of α3, either
H2 or H3 will be CP-even, with the other odd.
E.3.1 Type I Yukawa couplings in the alignment limit with α3 = 0
In this case, H2 is CP-even, and the neutral-fermion Yukawa couplings can be written as
d¯kdkH1 : − mdk
v
, u¯kukH1 : − muk
v
, (E.44a)
d¯kdkH2 : − mdk
v
1
tβ
, u¯kukH2 : − muk
v
1
tβ
, (E.44b)
d¯kdkH3 : − mdk
v
iγ5
tβ
, u¯kukH3 : − muk
v
(−iγ5)
tβ
, (E.44c)
and similarly for the leptonic couplings.
E.3.2 Type I Yukawa couplings in the alignment limit with α3 = ±pi/2
In this case, H2 is CP-odd, and the neutral-fermion Yukawa couplings can be written as
d¯kdkH1 : − mdk
v
, u¯kukH1 : − muk
v
, (E.45a)
d¯kdkH2 : − mdk
v
(±iγ5)
tβ
, u¯kukH2 : − muk
v
(∓iγ5)
tβ
, (E.45b)
d¯kdkH3 : − mdk
v
(∓1)
tβ
, u¯kukH3 : − muk
v
(∓1)
tβ
, (E.45c)
and similarly for the leptonic couplings.
E.4 Type II Yukawa couplings
In Type II, ηu,01 = η
d,0
2 = η
l,0
2 = 0, which immediately implies η
u
1 = η
d
2 = 0. This again
implies
ρu = − vˆ1
wˆ1
κu, ρ˜u =
v1
v2
√
2
v
diag(mu,mc,mt), (E.46)
ρd = − vˆ2
wˆ2
κd, ρ˜d = −v2
v1
√
2
v
diag(md,ms,mb), (E.47)
ρl = − vˆ2
wˆ2
κl, ρ˜l = −v2
v1
√
2
v
diag(me,mµ,mτ ). (E.48)
We find:
l¯klkHj : −mlk
v
Rj1 − isβRj3γ5
cβ
, (E.49)
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l¯kνkH
− :
mlk√
2v
tβ(1− γ5), (E.50)
ν¯klkH
+ :
mlk√
2v
tβ(1 + γ5), (E.51)
d¯kdkHj : −mdk
v
Rj1 − isβRj3γ5
cβ
, (E.52)
u¯kukHj : −muk
v
Rj2 − icβRj3γ5
sβ
, (E.53)
u¯mdkH
+ :
Kmk√
2vcβsβ
[
c2βmum(1− γ5) + s2βmdk(1 + γ5)
]
, (E.54)
d¯kumH
− :
K∗mk√
2vcβsβ
[
c2βmum(1 + γ5) + s
2
βmdk(1− γ5)
]
. (E.55)
In the AL, Type II Yukawa couplings preserve CP. Depending on the value of α3, either
H2 or H3 will be CP-even, with the other odd.
E.4.1 Type II Yukawa couplings in the alignment limit with α3 = 0
In this case, H2 is CP-even, and the neutral-fermion Yukawa couplings can be written as
d¯kdkH1 : − mdk
v
, u¯kukH1 : − muk
v
, (E.56a)
d¯kdkH2 : − mdk
v
(−tβ), u¯kukH2 : − muk
v
1
tβ
, (E.56b)
d¯kdkH3 : − mdk
v
(−itβγ5), u¯kukH3 : − muk
v
(−iγ5)
tβ
, (E.56c)
and similarly for the leptonic couplings.
E.4.2 Type II Yukawa couplings in the alignment limit with α3 = ±pi/2
In this case, H2 is CP-odd, and the neutral-fermion Yukawa couplings can be written as
d¯kdkH1 : − mdk
v
, u¯kukH1 : − muk
v
, (E.57a)
d¯kdkH2 : − mdk
v
(∓itβγ5), u¯kukH2 : − muk
v
(∓iγ5)
tβ
, (E.57b)
d¯kdkH3 : − mdk
v
(±tβ), u¯kukH3 : − muk
v
(∓1)
tβ
, (E.57c)
and similarly for the leptonic couplings.
E.5 Basis transformations for the fermionic sector
If we change basis by (
Φ′1
Φ′2
)
= U
(
Φ1
Φ2
)
, (E.58)
the Yukawa matrices ηf,0a will transform accordingly. We shall here work out the transfor-
mation rules of the Yukawa matrices under a U(2) change of basis. More explicitly, we can
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write
Φ1 = U
∗
11Φ
′
1 + U
∗
21Φ
′
2, (E.59)
Φ2 = U
∗
12Φ
′
1 + U
∗
22Φ
′
2. (E.60)
From eq. (E.1) we find for leptons
−LleptonsY = `0L
[
Φ′1
(
U∗11
(
ηl,01
)†
+ U∗12
(
ηl,02
)†)
+ Φ′2
(
U∗21
(
ηl,01
)†
+ U∗22
(
ηl,02
)†)]
l0R
+h.c., (E.61)
therefore (
ηl,01
)′
= U11η
l,0
1 + U12η
l,0
2 , (E.62)(
ηl,02
)′
= U21η
l,0
1 + U22η
l,0
2 . (E.63)
The matrices κ and ρ are expressed in terms of ηa-matrices and the VEVs as follows
κl = ηl,01 wˆ2 − ηl,02 wˆ1, (E.64)
ρl = −ηl,01 vˆ2 + ηl,02 vˆ1. (E.65)
Since vˆi transform in the same way as the doublets themselves therefore one finds eventually
that (
κl
)′
= κl, (E.66)(
ρl
)′
= ρl det(U). (E.67)
Since U is unitary, det(U) is just a phase factor. The same transformation rules apply to
the down-quark Yukawa matrices, i.e.,(
κd
)′
= κd, (E.68)(
ρd
)′
= ρd det(U). (E.69)
The analysis of the up-quark Yukawa matrices also yield the same transformation rules,(
κu
)′
= κu, (E.70)(
ρu
)′
= ρu det(U). (E.71)
These transformation rules are in agreement with what is given in Ref. [53].
Since the κ-matrices are all invariant, this tells us that the fermion masses are all
invariant under a change of basis (as they must be since they are observables). The ρ-
matrices are pseudo-invariants, meaning that their absolute value is an observable.
The Yukawa couplings also contains some other quantities that are potentially sensitive
to a change of basis, these are ei, fj , and e
−i(ξ1+ξ2). We shall find out how do they transform
under a U(2) basis transformation. Let us start by illustrating the invariance of ei:
e′j = v
′
1R
′
j1 + v
′
2R
′
j2 = v1Rj1 + v2Rj2 = ej , (E.72)
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obtained by applying the transformation rules24 for vj and Rij under a change of basis.
Next, let us consider fj
f ′j = v
′
1R
′
j2 − v′2R′j1 − ivR′j3 = eiδ (v1Rj2 − v2Rj1 − ivRj3) = eiδfj , (E.73)
where eiδ is a phase factor given as
eiδ =
(
U11v1 + U12v2e
i(ξ2−ξ1)) (U22v2 + U21v1e−i(ξ2−ξ1))
v¯1v¯2
det[U †]. (E.74)
Lastly, we consider the phase factor e−i(ξ1+ξ2),
e−i(ξ
′
1+ξ
′
2) = e−i(ξ1+ξ2)e−i(ξ
′
1−ξ1)e−i(ξ
′
2−ξ2), (E.75)
where we have rewritten the expression in order to extract the factor e−i(ξ1+ξ2). In order
to deal with the last two factors, we consider the transformation rules for the VEVs again
to get
e−i(ξ
′
1−ξ1) =
U∗11v1 + U∗12v2e−i(ξ2−ξ1)
v¯1
, (E.76)
e−i(ξ
′
2−ξ2) =
U∗22v2 + U∗21v1ei(ξ2−ξ1)
v¯2
. (E.77)
This yields
e−i(ξ
′
1+ξ
′
2) = e−i(ξ1+ξ2)
(
U∗11v1 + U∗12v2e−i(ξ2−ξ1)
) (
U∗22v2 + U∗21v1ei(ξ2−ξ1)
)
v¯1v¯2
. (E.78)
Combining all this, we find that the combination(
ρ˜u,d,lfj
)′
= ρ˜u,d,lfj , (E.79)
is invariant under a change of basis. This in turn implies that the couplings of for instance
eq. (E.13) are invariant, hence observable. This implies(
ρ˜u,d,l
)′
= ρ˜u,d,le−iδ, (E.80)
which tells us that the couplings given in for instance eq. (E.14) are pseudo-invariant, hence
not observable (but their absolute value is observable), and they transform with the exact
opposite phase as fj under a change of basis.
F Triangle functions
For the glue-glue induced Higgs production we need the scalar and pseudoscalar loop
functions,
A(τ) = 2[τ + (τ − 1)f(τ)]τ−2, (F.1)
24See Ref. [55] for the transformation rules used here.
– 42 –
B(τ) = 2τ−1f(τ), (F.2)
with f(τ) defined by
f(τ) =
arcsin
2√τ , τ ≤ 1
−14
[
log 1+
√
1−τ−1
1−√1−τ−1 − ipi
]2
, τ > 1
(F.3)
and τ = M2H/(4m
2
f ). We recall that this function has a cusp for τ = 1, i.e., at the particle-
antiparticle threshold. This cusp is present in the pseudoscalar contribution, proportional
to |B(τf )|2, but not in the scalar one.
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